EH61HEEMKG 


\   :;--/; 


a  I  B  ^AHY 

OF  THE 
U  N  IVLRSITY 
Of    ILLI  NOIS 

62$ 
IJL65c 
»o.  33-35 


ENGINEERING 


COW.  ROOM 


ENGIN  RAMI 


Latest  Date  stamped  below  * 

-e,LTott0rndisOnd1Under'inin9  of  b°°«* 

^ srrsr- 


^ — 

SEP  16 


L161—  O-1096 


Digitized  by  the  Internet  Archive 
in  2013 


http://archive.org/details/fateofsyntheticd33bane 


CIVIL  ENGINEERING  STUDIES 

SANITARY  ENGINEERING  SERIES  NO.  33 


FATE  OF  SYNTHETIC  DETERGENTS 
IN  SOIL  AND  GROUND  WATER 


By 

SHANKHA  K.  BANERJI 

and 

BEN  B.  EWING 


FINAL  REPORT 
SEPTEMBER  1,  1959  THROUGH  JANUARY  31,  1965 


Supported  By 

DIVISION  OF  WATER  SUPPLY  AND  POLLUTION  CONTROL 

U.  S.  PUBLIC  HEALTH  SERVICE 

RESEARCH  PROJECT  WP-00018 


DEPARTMENT  OF  CIVIL  ENGINEERING 

UNIVERSITY  OF  ILLINOIS 

URBANA,  ILLINOIS 

NOVEMBER,  1965 


Q 
w 


M   CO 
CO 


FATE    OF   SYNTHETIC    DETERGENTS 
IN    SOIL  AND   GROUND  WATER 


by 
Shankha    K.    Banerj  i 
and 
Ben   B.    Ewing 


o 

CN 

rH 
UD 
CTi 

rH 

in 

H  VO 

O         o  CO 

O  CM 

Final  Report 

September  1 ,  1959 
i— i 

through 

January   31,    1965 

o 

t-t  bq 
> 

<^        UK 

< 

O    M 


Supported    by 
Division   of  Water   Supply  and   Pollution   Contro 
U.S.    Public   Health   Service 
Research    Project   WP-00018 


Department   of   Civil    Engineering 
Univers  i  ty  of    1 1 1 inoi  s 
Urbana  ,    1 1  1  i  no  i  s 


November,    1965 
m  W  in 

i  zz  j  en 

J   > 


FATE    OF   SYNTHETIC    DETERGENTS 
IN    SOIL  AND   GROUND  WATER 


by 
Shankha    K.    Banerj  i 
and 
Ben   B.    Ewing 


Final    Report 
September    1 ,    1959 

through 
January   31  ,    1  965 


Supported    by 
Division   of  Water    Supply  and    Pollution   Control 
U.S.    Publ ic   Health   Service 
Research   Project  WP-00018 


Department   of   Civil    Engineering 
University  of   Illinois 
Urbana  ,    1 1  1  i  noi  s 

November,    1965 


-,-     ,,'  ENGINEERING  LIBRARY 


i  i  i 


ABSTRACT 

The  microbial  population  in  the  top  layer  of  soil  in  either  aerobic 
or  anaerobic  conditions  provided  surface  for  the  adsorption  of  ABS  which  was 
desorbed  easily  by  de te rgent -f ree  water.   There  was  little  indication  of  ABS 
biodegrada t ion  by  the  microbial  slimes  in  the  soil  systems.   Various  soils 
(silicious,  calcareous  and  clayey  soils)  had  significant  ability  to  adsorb 
ABS  under  both  batch  and  percolating  systems.   The  equilibrium  adsorption  of 
ABS  on  these  soils  followed  the  Freundlich  isotherm.   The  amount  of  surface 
area  covered  by  ABS  under  equilibrium  conditions  with  clayey  soils  was  small 
(0.2  to  O.k   per  cent  for  bentonite),  whereas  with  Ottawa  sand  there  was  an 
indication  of  multilayer  adsorption. 

Adsorption  of  ABS  on  the  bacterial  cells  in  batch  activated  sludge 
units  was  determined  for  cultures  grown  on  three  substrates;  i.e.,  maltose, 
dextrose  and  Metrecal.   B iodegrada t ion  was  noticeable  in  these  activated  sludge 
studies  and  was  especially  high  with  the  complex  substrate  (Metrecal)  units. 

Intermittent  sand  filtration  was  investigated  as  a  means  of  tertiary 
treatment  for  removing  ABS  and  phosphates  from  wastewater   treatment  plant 
effluents.   Hydraulic  loading  on  the  sand  filters,  the  dosing  intervals  and  the 
waste  characteristics  were  the  variables  investigated.   Adsorption  and  bio- 
degradation  were  both  important  in  the  removal  of  ABS  and  phosphates  by  the 
sand  filters,  but  neither  was  effective  in  reducing  the  amount  of  these  material 
after  a  few  weeks  operation  had  resulted  in  saturation  of  the  filter  column. 
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I.   INTRODUCTION 

Use  of  synthetic  detergents  has  increased  in  recent  years  so  that 
90  per  cent  of  the  household  detergents  are    synthetic  in  nature  (1).   This 
conversion  of  cleanser  has  caused  a  number  of  detrimental  effects  on  waste- 
water treatment.   The  first  effect  noticed  was  the  foaming  of  sewage  plants, 
streams  and  rivers.   Poor  gas  transfer  during  aeration  was  attributed  to 
syndets  (2).   Even  secondary  settling  was  found  to  be  affected  by  the  presence 
of  detergents  in  the  sewage  treatment  plant  (3).   The  biologically  resistant 
nature  of  these  syndets  was  a  contributing  factor  in  these  ill  effects  in 
sewage  plants. 

The  packaged  detergents  consist  of:   1.  a  surface  active  agent  or 
surfactant,  which  is  about  10  to  15  per  cent  of  the  total  volume  of  syndet, 
2.  phosphate  builder  compounds,  about  30  per  cent  in  ortho  and  condensed 
phosphate  forms,  3.  miscellaneous  builder  compounds,  k.    perfumes,  5-  colors, 
etc.   The  present  study  involves  mainly  the  surfactant,  and  to  some  extent, 
the  phosphates.   The  most  common  surfactant  used  at  present  is  the  sodium  salt 
of  al ky lbenzenesu 1 fonate  (ABS)  ,   This  surfactant  was  found  to  be  biologically 
resistant  in  the  normal  waste  treatment  processes  due  to  the  branched  structure 
of  the  tetrapropyl  alkyl  chain  (k,    5).      Recent  advances  in  biodegradat ion  tests 
on  surfactants  have  shown  that  straight  chain  molecules  are    90  to  95  per  cent 
biodegradable  under  normal  aerobic  treatment  processes  (5,  6).   Manufacturers  of 
detergents  have  voluntarily  developed  a  more  biodegradable  linear  alkyl  sulfonate 
(LAS)  (6).   These  surfactants  made  their  debut  in  June  1965.   The  studies  re- 
ported herein  were  conducted  on  the  branched  ABS,  but  because  the  physical  and 
chemical  nature  of  the  new  LAS  is  similar,  much  of  the  results  will  be  equally 
appl icable . 


The  first  groundwater  pollution  by  detergents  was  reported  in  1958  (7), 
although  their  use  was  on  the  steady  increase  since  19^+8.   Subsequently  there 
were  several  reports  of  groundwater  pollution  attributed  to  detergents  (8,  9S  10). 
Most  of  these  instances  were  in  suburban  areas  where  each  house  had  individual 
wells  as  the  water  source  and  used  septic  tanks  and  tile  fields  or  cess  pools  for 
waste  disposal.   The  public  health  aspect  of  the  detergent  in  water  in  concentra- 
tions as  found  in  these  wells  was  not  significant,  but  the  presence  of  other 
pollutants  accompanying  these  detergents  was  the  real  danger.   In  fact,  Walton  (10) 
and  Nichols  (11)  considered  the  presence  of  ABS  a  good  indication  of  sewage  con- 
tamination of  ground  water. 

The  syndets  moved  much  more  slowly  in  the  ground  than  did  the  water  or 
other  chemical  pollutants  (2).   In  most  cases  Walton  (10)  found  wells  contaminated 
by  ABS  to  be  within  100  feet  from  the  source  of  pollution.   The  slow  movement  of 
ABS  in  groundwater  was  also  observed  in  Mastic,  New  York  (12)  where  the  rate  of 
movement  was,  on  an  average,  0.25  feet  per  day. 

The  objective  of  this  study  was  to  evaluate  the  relative  importance  of 
several  factors  on  the  retarded  movement  of  ABS  in  a  soil  system  receiving  a 
waste  containing  detergent  and  to  evaluate  the  fate  of  the  phosphate  builders 
in  the  soil  system.   The  role  of  the  biological  slime  which  may  develop  in  the 
top  layer  Qf  soil  and  which  may  provide  additional  surface  area  for  increased 
adsorption  of  ABS  and  phosphates  was  investigated.   Also,  in  this  zone,  the 
slow  percolation  rates  may  allow  enough  time  for  b iodegradat ion  of  both  the  ABS 
and  phosphates.   Deeper  soil  layers  may  retain  the  detergent  components  by  ad- 
sorption.  Environmental  factors  affecting  this  retention  include  the  type  of 
soil,  concentration  of  solute,  structure  of  solute,  pH  and  temperature. 


II.      REMOVAL   OF  ABS    BY   BIOLOGICAL   SLIME    ON   GRANULAR   MEDIA    (13) 

In   order    to    study    the    removal    of   ABS    in   anaerobic    saturated    flow 
conditions,    six   columns   designated  A    through   F   were    prepared    by    uniformly 
packing   2-inch   diameter   36-inch    long   glass    tubes   with    Ottawa    sand.      The 
geometric   mean    size   of    this    sand   was   O.858   mm.      The    feeding   arrangement   and 
other    details   of    the    column   are    shown    in    Figure    1.      The    columns   were    so 
constructed    that    they   could   be   dismantled    in   half   and    sterilized    in   an   autoclave. 

Columns  A,    C   and    D  were    seeded   with    settled   and    filtered    sewage    to 
allow  a   mixed   microbial    population    to    develop    in    the    column.      Synthetic  waste 
containing   300   mg/1    dextrose  and   other    necessary   nutrients   were    later   fed    to 
maintain   an  active   microbial    population    in    the    column   without    clogging.      The 
BOD    removal    between    the    influent   and    the   effluent    to    the    columns   was    taken   as 
an    index  of    biological    activity    in    the    columns.      Columns   B,    E   and    F   were   clean 
sand   columns  which    served   as    the   basis   of   comparison    for  ABS    retention   due    to 

s  1  ime   growth . 

35 
Sulfer-35   was    used    to    label    the  ABS    (ABS      )    which    permitted    radio- 
chemical   analysis    in    lieu   of    the    compleximet r i c    technique    using  methylene 

blue    (14).      This   avoided   much    time-consuming   chemical    analyses   and    interferences 

35 

in  the  determinations.   ABS    solution  of  the  appropriate  concentration  was 

introduced  with  the  regular  feed  solution  for  columns  A,  C  and  D.   Columns  B 

35  15 

and  F  were  fed  ABS   with  distilled  water  and  column  E  was  fed  ABS   with  tap 

water.   The  reason  for  using  tap  water  was  to  see  if  there  was  any  difference 
in  ABS  retention  in  the  column  because  of  the  salts  present  in  the  tap  water 

as  compared  to  distilled  water. 

35 
The  ABS   breakthrough  curves  for  each  column  were  found  by  determining 

the  activity  of  the  effluent  samples  until  the  effluent  activity  was  the  same  as 
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Figure  1  „  Schematic  Drawing  Showing  Construction  of  Closed 

Columns 


that  of  the  influent.   The  breakthrough  curve  for  column  C  is  given  in  Figure  2. 
The  pore  volume  was  determined  by  chloride  tracer  breakthrough  which  is  also 
shown  in  the  figure.   The  other  breakthrough  curves  are    not  reported  here  and 
can  be  found  in  an  earlier  publication  (13).   Prior  to  operation,  column  D  was 

sterilized  in  an  autoclave  at  120°C  and  15  pounds  pressure  in  order  to  kill  all 

35 
microbial  populations.   The  ABS    retention  in  these  circumstances  was  to  be 

compared  with  that  on  the  column  in  which  an  active  microbial  population  had 

been  developed. 

35 

The  ABS    retention  in  various  columns  was  calculated  on  the  basis 

of  the  breakthrough  curves.   The  area    between  the  chloride  breakthrough  curve, 

35 
which  represented  pore  volume,  and  ABS   breakthrough  curve  represented  the 

35 
ABS   retained  on  the  solid  phase  of  the  soil.  After  the  ABS  breakthrough  had 

occurred,  the  sand  was  removed  from  the  column  for  ABS  desorption  tests  by  a 

method  developed  by  investigators  at  Robert  A.  Taft  Sanitary  Engineering  Center, 

Cincinnati,  Ohio  (15).   The  microbial  population,  volatile  solids,  and  moisture 

content  of  the  sand  at  different  depths  were  also  determined  for  the  biologically 

35 
active  columns.   Table  1  presents  the  ABS   adsorption  data  for  all  the  columns. 

35 

All  attempts  to  show  ABS   b iodegradat ion  in  the  biologically  active  columns  were 

negat  i  ve  . 

The    study   was    continued    in   an    unsaturated    biologically-active   aerobic 

column.      Figure    3   depicts    the    details   of    construction  and  operation   of    this 

35 
column.      The    synthetic  waste    containing    10  mg/1    ABS        was    intermittently    intro- 
duced   to    the    column   by   a    siphon  arrangement.      The    breakthrough   curve   obtained 
for    this   column    is    represented    in   Figure   k.      The   pore   volume  was   determined   by 
measuring    the   water    required    to    saturate    the    column   and    then    the    column  was   drained 
and   dried    for   use.      The  ABS    retained    per   gram   of    sand   was    22.47  micrograms,    even 
though    the   effluent    indicated    the    column  was    not   completely    saturated  with   ABS. 
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Table  1 
ABS  Uptake  on  Solid  Phase  In  Closed  Columns  A,  B,  C,  D,  E  and  F 


Type  of      Concentration  ABS  Uptake 

Column       of  ABS35  in  in  microgram 

feed  solution  per  gram  of 

mg/l  (a)  dry  sand  (b) 


Benzene  Extraction  Benzene  Extraction 
of  ABS  on  Sand,   of  sand  from  which 


microgram  per 
gram  of  dry  sand 
(c) 


slime  had  been 
scrubbed, 
microgram  per  gram 
of  dry  sand 


icrobial  slime 
on  sand 


10 


50 


22.3  (d) 


lean  sand 


10 


50 


1.012 


3.304 


Icrobial  slime 
on  sand 


10 


11.13   (e) 


10.75 


1.36 


Icrobial  slime 
n  sand  sterili- 
ed  before 
eeding  ABS 


10 


5.04 


3.38 


lean  sand  -  ABS 
eed  solution  in 
ap  water 


10 


4.04 


5.70 


lean  sand  -  ABS 
eed  solution  in 
istilled  water 


10 


5.34 


4.12 


(a|  The  concentration  of  feed  solution  was  obtained  by  KethyleLe  blue  Method 
(Appendix  II)  and  have  been  rounded  off  to  nearest  whole  number. 

(b)  The  ABS  uptake  was  calculated  from  the  ABS  breakthrough  curve.   The 
milligram  of  ABS  retained  in  solid  phase  =  concentration  mg/l  x  (area  of 
the  left  of  the  ABS  breakthrough  curve  -  Area  to  the  left  of  chloride 
breakthrough  curve)  x  Scalef actor. 

(c)  These  figures  are  average  over  the  entire  depth. 

(d)  The  column  was  partially  saturated,  effluent  concentration  was  50  percent 
of  the  influent  before  It  was  clogged  and  no  flow  was  possible. 

(e)  The  column  was  partially  saturated,  effluent  concentration  was  84  percent 
of  the  influent  before  feeding  was  stopped. 
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Figure  3.  Line  Diagram  of  Open  Column 
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The  results  of  these  investigations  show  that  biological  slime, 
especially  in  a  partially  unsaturated  aerobic  condition,  does  retain  much 
larger  quantities  of  ABS  as  compared  to  the  soil  which  supports  the  slime. 
The  heat  killing  of  microbial  cells,  however,  reduced  this  adsorptive  capacity 
to  that  of  the  soil  on  which  it  was  supported.   The  adsorption  of  ABS  on  slime 
and  sand  was  easily  desorbed  by  water  containing  no  ABS.   This  confirmed  the 
weak  adsorptive  forces  responsible  for  the  retention  of  the  ABS  on  the  soil 
or  slime  surface.   The  presence  of  salts  in  tap  water  reduced  the  ABS  adsorption 
on  Ottawa  sand  by  20  per  cent. 

II  —  1 .   D  i  scuss  ion 

It   would    be  worthwhile    to   discuss    the    above    results    in    the    light   of 
the   work  of  other    investigators.      Robeck,    e_t_  aj_.     (16)    demonstrated   convincingly 
that    the   ABS    in    septic    tank   effluent   was    reduced    from   5~35   mg/1    to    0.5   mg/1    by 
intermittent   aerobic    filtration    through    unsaturated    soil.      They    found    there  was 
both   degradation   and   adsorption   of  ABS   on    the    soil    and    slime.      The    columns   were 

fed  once   daily  with   a    hydraulic    loading   and   BOD    loading   of    0.122    to    0.406   m/day 

2 

and    16.35    to    ^k.k   g/m   /day    respectively.       These    loading    rates   were    higher    than 

the   usual    rates    for    intermittent    sand    filters   which   usually   have   a    hydraulic 

2 
loading  of   0.15   m/day   or    less,  and    BOD    loads   of    20    to   kO   g/m   /day.      The  ABS 

removal    was   high   at    the    start   of   the    test    (80    to   90   per    cent),    dropped    to  as 

low  as   20   per    cent    after    10    to    15   days   of   operation   and    then    recovered    to    70    to 

80   per    cent   after    two    to    five   months.      The    initial    high    removal    was   attributed 

to   high    initial    adsorption   by    the    sand    itself.      The    poor    removal    after    10    to 

15   days  was   said    to    be    due    to    saturation  of   the    sand   adsorptive    sites   and    the 

later    recovery   of    the    system  was   attributed    to    the    b iodegrada t ion   of  ABS   by    the 

microbial    population  developed    in   the    sand.      Our   findings  are   not    in    line  with    these 
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findings,  but  the  situation  in  our  case  was  different,  especially  in  the 

saturated  column.   The  feed  was  synthetic,  i.e.,  dextrose;  the  feed  rates 

2 
were  around  0.1  m/day  for  columns  C  and  D  with  BOD  loadings  of  12  and  15  g/m  /day 

respectively.   The  anaerobic  conditions  perhaps  inhibited  degradation  of  ABS  in 
these  columns.   But  even  in  the  open  unsaturated  column,  which  was  partly 
aerobic,  we  did  not  obtain  any  degradation,  although  the  adsorption  was  much 
higher  than  the  saturated  columns.   The  open  unsaturated  column  was  also  fed 
the  same  synthetic  feed  as  the  saturated  ones.   We  believe  that  the  development 
of  a  biological  culture  which  can  degrade  the  tet rapropy lene-type  ABS  may  re- 
quire a  complex  substrate,  such  as  domestic  sewage,  rather  than  a  simple  sub- 
strate containing  only  dextrose  as  a  carbon  source.   The  open  unsaturated  column 
was  run  for  only  five  days  as  compared  to  the  months  as  operated  by  Robeck 
e_t_  aj_.  (16).   In  our  column  the  slime  was  first  developed  before  feeding  ABS 
whereas  Robeck  e_t  aj_.  fed  waste  containing  ABS  from  the  first  day  which  would 
give  an  enormous  time  for  the  population  in  the  sand  to  be  acclimated  to  the 
ABS.   In  our  subsequent,  column  study  involving  activated  sludge  plant  effluent 
on  sand  filters,  we  did  get  an  indication  of  degradation  of  ABS  to  the  extent 
of  60  to  65  per  cent.   These  results  are  reported  in  Section  V. 

Klein  and  associates  ( 1 7)  reported  on  their  work  in  soil  systems 
involving  ABS.   Saturated  columns  of  Oakley  sand  which  were  biologically 
active  showed  no  evidence  of  ABS  degradation.   This  agrees  with  our  results. 
In  unsaturated  columns  which  were  biologically  active,  there  were  indications 

of  ABS  degradation  up  to  35  per  cent.   The  hydraulic  loading  in  these  tests  was 

2 
0.27  m/day  and  the  BOD  loading  was  5-38  g/m  /day.   The  hydraulic  loading  was 

in  the  same  range  as  used  by  Robeck  et_  aJL  (16),  but  the  organic  loading  was 

much  lower.   They  also  observed  that  small  doses,  applied  frequently,  increased 
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ABS   degradation.      Subsequent    studies   with    septic    tank  effluent   applied    inter- 
mittently   to   Oakley    sand    columns   at    rates   and    frequencies    found    in   an   actual 
percolation    field,    indicated   60    to    70   per    cent  ABS    removal,    of   which    19   per 
cent  was    completely   degraded    to    sulfate.      These    results    indicated    that,    in 
prolonged   ABS   application    tests,    degradation  was    possible    if    sufficient    time 
of   contact   was   allowed   by    intermittent    dosing   followed    by  a    rest    period. 

The   work  of   McKee   and   McMichael     ( 1 9)    reporting  on    the    research   on 
wastewater    reclamation  at   Whittier   Narrows    indicated   a    high    initial   ABS 
removal    attributable    to  adsorption   on    soil    and   a    subsequent   drop    in    the    re- 
movable  characteristics   after    three   months   due    to    saturation   of    the   adsorption 
sites   on    the    soil    and    its   elution    from    the    soil;    after    five   months    the   ABS 
removal    increased   again    indicating    ripening  of    the    bed   and    b iodegradat ion  of 
ABS.      These    results   were    very    similar    to    those   obtained   by    Robeck,    et_  aj_.     (16), 
however    the    per    cent    removal    was    not   as   high.      Bench    scale    laboratory   experi- 
ments with   microorganisms    capable   of  ABS    degradation    indicated    that    bioadsorp- 
tion  was    the   major   cause   of  ABS    removal.       In    fact,    in   one    particular   experiment, 
ABS  was   desorbed    from    soil    samples    taken    from    the  Whittier   Narrows    spreading 
basin.      These    samples   contained   both    the   original    soil    and    the    slime   which 
developed   during  operation.      The  ABS   was    desorbed   by   change    in    pH   and   heat    to 
the   extent   of   67   per   cent    by    two   desorptions.      These    results   are    similar    to 
ours  with    the   unsaturated   open    column.      However,    another   of    their    soil-slime 
samples    tested    two   months    later    indicated    some   ABS    degradation.      Had   our    tests 
continued    for    these   extended    periods,    we   also    perhaps   would    have    noticed    degrad- 
ation  of  ABS.      Apparently    it    takes   at    least   30   days    for    such    soil    beds    to 
nripen,"   after   which    there    is    indication  of  ABS    degradation.      Hartmann   working 
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with  McKee  and  McMichael  (19)  indicated  that  dead  microbial  cells  (heat 
sterilized)  adsorbed  the  same  amount  of  ABS  as  live  ones.   This  was  quite 
contrary  to  the  results  we  obtained  in  the  column  D  experiment.   Hartmann  (20) 
actually  recovered  80  per  cent  of  the  adsorbed  ABS  from  the  dead  cells  by 
repeated  desorption  so  there  is  little  doubt  about  his  results. 


III.      ADSORPTION    OF  ABS    ON    SOILS 

Adsorption   of   ABS    from   aqueous    solution    on    soil     is    dependent   on 
a    number   of    factors.      Among    these    the    following  were   of    special    interest 
to   us    in    this    study: 

1.  particle    size   and    surface   of   adsorbent 

2.  mi nera log  i ca 1    composition   of    the   adsorbent 

3.  structure   of    the    solute,    i.e.,    ABS 
k,      pH   of    the    solution. 

Attempts  were  made  to  obtain  adsorption  of  ABS  on  soil  with  these  variables 
in  mind.  Temperature,  another  variable  not  listed  above,  was  held  constant 
in    these    studies.      The    soils   chosen  were: 

S  i 1 i  c  ious    soi  1  s    -   Ottawa    sand,    a    Mi ss i ss i ppian-age    sandstone, 
a    Pennsy  1  vanian-age    sandstone,    and   a 
glauconitic    sandstone. 
Clays  -   Fithian    i 1 1 i te   and    Panther    Creek   bentonite. 

Ca 1 ca  reous   Soi  Is-   Dolomitic    limestone,    a    high-purity    limestone 

and   anOolitic    limestone. 
Alluvial      outwash   deposits    from    the   banks   of    the    Illinois   River   at 
Peoria    and    referred    to    in    this    report   as    Peoria    outwash. 

Soil    obtained   as    rock   pieces  were   prepared    by   breaking   down    into 
gravel    by   hammering.      Then    the    gravel    was    put    into   a    Lancaster   countercu  rrent 
batch  mixer  which    reduced    the    gravel     into    sand   and    silt    sizes.      The    physical, 
chemical    and   mi  nera  logi  ca  1    properties   of    the    soils   were    carefully   evaluated    (21). 
"able    2   gives    the    details   of    the    physical    properties   of    the    soils.      For  other 
details   on   soil    properties,    refer    to   Suess    (21)  (22).      Among    these    properties,    the 
surface   area   of    the    soils  was   of    special     interest    to    us    since    it    is    related    to 
the  adsorptive    capacity. 
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HI-1.      Effect   of    Particle    Size   and    Surface  Area    (21) 

The    relationship   between    grain    size   and    surface   area    of    the    soil 
particles    is    shown    in    Figure    5.      The   methods   used    for    determining    surface   area 
were    the   Blaine   air   permeability  method   and    glycerol    adsorption   method.      The 
latter   gives    the    total    area    including    internal    surfaces  of    particles,    whereas 
the    former   method   gives   only    the   external    surface   area. 

The  ABS    used    in    this    study   was    dodecyl    benzene    pa rasul fonate-sod ium 

35 
salt   having  a   molecular   weight   of    3^+8.0  and  was    tagged  with   S        for  ease   of 

analytical    determinations.      Batch    techniques   were   employed    for    determining    the 

35 
adsorption   of  ABS   on    the    soils.      ABS      concentration   varied    from   9-64    to    53   rng/ 1  . 

The    liquid   was    separated    from   the    solid    phase   by    centr i f ugat ion   after   different 

35 
periods   of    contact.      ABS        activity   was    determined    in    samples   of    supernatant 

liquid.      This   was    continued   until    equilibrium   between    the   ABS   adsorbed   on    soil 

and  ABS    still     in    the    liquid    phase   was   attained.      Equilibrium  adsorption    iso- 

therms  were    plotted   according    to    the   Freundlich   equation    in   Figure   6.      Table    3 

35 
shows    the    soil    surface   area    and  ABS        adsorption    relationship   at    two   different 

ABS   concentrations,    5-0  and    16   mg/1 .      It  was    found    that    the    specific  adsorption 

(adsorption   per   unit   area   of    soil    surface)    was   proportional    to    the   grain    size, 

as  can  be   seen   from   Figure   7.      Theoretical    calculations    showed    that   Ottawa    sand  at 

5  mg/1    of  ABS    concentration   was   almost    (81    per   cent)    covered   by   a   monomolecu la r 

layer   of  ABS,    whereas   bentonite    had   only    0.5    Per   cent   of    the    surface    covered   by 

ABS   molecules.      This   may    partly   explain  why   Ottawa    sand   adsorbed   more  ABS    per 

square  meter   of    surface   area    than  bentonite    did    in   our    study. 

The    relationship   of  ABS   adsorption    to    surface   area    is   depicted    in 

Figure   8.      The  ABS   adsorption  was    proportional    to    the    square    root   of    the 
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surface  area    measured   by    the    glycerol    method.      This   once   again    showed    that 
although   adsorption    increased   with   an    increase    in    surface   area    it   was    relatively 
lower   on  materials   with   a    high    specific    surface    like    clays   when    compared    to 
materials    like    sand   or    sandstones  which   had    low    specific    surface   area. 

III-2.      Effect  of   pH 

The   dependence   of   adsorption   on    pH   was    quite    logical    since    it    is    known 
that    the    ionization    characteristics   of   solute   and    solvent    changes    significantly 
with   change    in    pH . 

The    study    involved    the   use   of   only   one    soil,    Ottawa    sand.      The    pH    range 

covered  was    from   3-2    to    9-2.      The   ABS    used   was    dodecyl    benzene    parasu 1 fona te-sod ium 

35 
salt   which   was    tagged   with   S        as    indicated   earlier.      The    procedure    involved    the 

addition   of   a    known   amount   of    Ottawa    sand    in   a    polyethylene    centrifuge    tube    con- 

35 
taining    the    pH   buffer    solution   which   already    had  ABS         solution   of   appropriate 

concentration    in    it.      After    periodic    shaking,    the    tube  was    closed   with   a    rubber 

stopper  and  aliquots  were    removed    to   determine    the  ABS   concentration  of    the 

supernatant;    no   centr i fugat ion  was   necessary   because   Ottawa    sand  was   easily 

separated   by   settling.      After    seven  weeks   of   contact,    the    sand  was    separated 

and   the  ABS  was   desorbed   by   the   procedure   mentioned   earlier    (15).      This   procedure 

was   followed    because    it  was    found,    in  an   earlier  exploratory  experiment,    that 

polyethylene    tubes  adsorbed    significant   amounts  of  ABS.      Figure   9   shows    the 

35 
effect  of   pH  on  ABS        retention  on   Ottawa    sand.      The  ABS    retention    increased 

with  decreasing   pH   at   all    three   contact   periods. 

III-3.      Effect  of  Minera  logi  ca  1    Composition    (21) 

Adsorption   of  ABS    in   an   underground   aquifer   will    certainly    depend   on 
the    type   of   minerals    in    the   water-bearing    rock.      This   variation  of   mi  nera  logi  ca  1 
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properties   of    the    soil    on    the   ABS   adsorption   was    studied.      The    soils    reported    in 
Section    III   were   used. 

The    study    involving    these    soils   was     conducted    in   batch   experiments   as 

35 
described    in    Section    III-l    using   dodecyl    benzene    parasu 1 fonate    tagged  with   S 

These    results   are    summarized    in   Table   4.      The    data    show    that    clay   materials   ad- 
sorbed more    than    the   other    soil    mater  ia  1  s;  th  i  s  was    perhaps    due    to   higher    surface 
area    per    gram  of   material    rather    than    to  mi  nera  log  ica  1    properties.      Ground    lime- 
stone was    found    to   be   adsorbing  more  ABS    than    sandstone    for    the    same    grain    size 
particle.      This    fact   was    not    very    significant    because    in   actual    limestone   aquifers, 
water    flows    through    fissures   and    crevices,    and    the    surface   area   exposed   would   be 
very   much    lower    than   a    sandstone   aquifer.      Among    the    limestones    it   was   observed 
that    the   Oolitic    limestone   adsorbed   more    than    the   high    purity    limestone,    although 
both    had   high    calcite.      The   glauconitic    sandstone    had   a    higher  adsorptive    surface 
area    than    the   other    sandstones   as   measured    by    the    glycerol    method.      This  was    not 
evident    in    the  ABS   adsorption,    which   was   about    the    same   as    in    the   Mi ssi ssi ppian-age 
sandstone . 

III-4.      Effect   of  ABS    Structure    (23) 

This    study    involved   all    the    soils   mentioned    in    the   earlier   section 
except    the   calcareous   materials   and    the    Pennsy  1  vanian-age    sandstone.      The 
difference    in    the    composition  of    the  ABS    used   was    two-fold:      firstly,    the   a  1 ky 1 
chain    length  was   different,    and,    secondly,    the    variation    in  a  1 ky 1    chain    length 
differed.      Four    kinds   of  ABS    formulation  were    studied.      Two    pure    compounds, 
viz.,    sodium    1 -propyl    nonyl    benzene    pa rasu 1 fona te    (herein    referred    to   as   C-12 
pure)    and   sodium    1-propyl    dodecyl    benzene    pa rasu 1 fonate    (herein    referred    to  as 
C-15   pure)    were    compared    to    show    the   effect   of    chain    length,    or   molecular   weight. 
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Commercial    detergents   utilize   a  1 ky 1    benzene    sulfonates   composed   of   a    blend  of 
compounds    varying    in   a  1 ky 1    chain    length,    however.      Therefore,    two    such    blends 
were    compared.      One   consisted   of    sodium  a  1 ky 1    benzene    pa ra su 1 fonate ,    with  a  1 ky 1 
chain    lengths    varying   from  8    to    19   carbon   atoms   but   averaging    15   carbon   atoms 
(herein    referred    to   as    C-15    blend).      The   other  was    sodium  alkyl    benzene    pa ra - 
sulfonate,    with   alkyl    chain    lengths   varying   from    7    to    18   carbon   atoms    but   averaging 
12    carbon  atoms    (herein    referred    to   as    C-12    blend).      Further,    in    these    blended 
formulations,    not   only  was    there   a    variation    in    the    chain    lengths,    but    there  was 
also   a    variation    in    the   position  of   the    benzene    ring   attachment    to    the   alkyl 
chain.      The   majority   compound    in   both    cases   was    the    3_phenyl    type.      However,    in 
the   pure   compounds    the   attachment   of    benzene   was   on    the   4th    carbon    in    the   alkyl 
cha  in. 

The   method    used    to   determine    the   effect   of    structure   of  ABS   on    Its 

35 
adsorption    to    soils   consisted   of   placing  ABS        solution    in   a    container   with   a 

known  weight   of    soil.      Periodic    shaking   of    the    container    provided    intimate    contact 

between    the    soil    and    the  ABS   molecules.      Portions   of    supernatant    solution   were 

withdrawn   at    different    time    intervals    until    an  equilibrium   had   been   established 

35  35 

between    the    soi 1 -adsorbed  ABS        and  ABS         in    the    liquid    phase.      For    some    soils, 

centr  i  fugat  ion   was   found    to   be    necessary    to    separate    the    soil    from    the    solution. 

35 
This    process   was    repeated  with   eight    different  ABS        concentrations   of   each   ABS 

type,    for  all    six   types  of    soil.      Tables   5  and   6   present    the  ABS   adsorbed    in 

35 
these    soils   and    the    corresponding   equ i 1 i br i urn  ABS        concentration.      Adsorption 

isotherms  were   plotted   from   these   data.      A    typical    Freundlich    isotherm   for    the 

Missi ss ippian-age    sandstone    is    shown    in   Figure    10.      The    trend   of   other    soils  was 

similar  when    the    relative   adsorption   of   different   ABS's   were   compared.      The   values 

of  'a'  and  'n'  i  n    the    Freund  1  i  ch    i  sotherm:       Loq  —  =   Loq   a  +  —  Loq   C ,    a  re    shown    i  n 

3  m  3  n 

Table    7.      It   has    been    reported   by  Adamson    (2k)    that 'a'   is   a   measure   of    the    surface 
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area   of    the    soil    under   a    monomo  lecu  1  ar    layer   of    coverage   of    the   adsorbate 
and    it   measures    the    potential    capacity   of    the    soil    for   adsorption.      The    values 
of    'a'    obtained    in    the   experiment    provided   a    good   comparison   of  ABS   adsorption 
on   different    soils   and    it   was   evident    that:       1.    C  —  1 5    blend   ABS   was   adsorbed   more 
than    the   C-12    blend   compound,    2.    C-12    pure   was   adsorbed   more    than   C  —  1 5    pure, 
3.    C  - 1 5   blend   was   adsorbed   more    than   C - 1 5    pure,    and    lastly,    k.    C-12    pure   was 
adsorbed   more    than  C-12    blend. 

In   order    to   confirm    the    batch   data,    several    columns   were    prepared   with 
the   glauconitic    sandstone,    the   Mi ss i ss i ppian-age    sandstone   and   Ottawa    sand. 

Clayey    soils   were    not    used    because   of    their    low   permeability    in   columns.      The 

35 

ABS        used   were    the    pure    dodecyl    and    pentodecyl    compounds.      The    precedure    used 

35 
for   determining  ABS        adsorption  on    these    soils   was   exactly    the    same   as    described 

35 
in   Section    II.      ABS        breakthrough   curves   were   obtained   and    the   area    between    the 

35 

ABS        breakthrough   curve   and    the    chloride   breakthrough   curve    represented    the   ABS 

retained   on    the    solid    phase.      Tables   8,    9  and    10   present    the   ABS   adsorption    in 

35 
the    column   experiments.      Figure    11     is   a    typical    ABS        breakthrough   curve   obtained 

for    the    Mi  ss  i  ss  i  ppian-age    sandstone.      None    of    the   columns   was   completely    saturated 

with  ABS,    although   at    some    points    indications  were    seen  of    very    nearly   complete 

breakthrough.      At    these    points,    static    contact    for    several    weeks   allowed    further 

ABS   adsorption.      The    study   was    suspended   even   before    complete    breakthrough   occurred 

because   of    lack  of    time   and    pure   ABS   compound. 

The    results   also    showed    that    the    pure    dodecyl    ABS   was   adsorbed   more    than 
the    pure    pentadecyl    compound   which    confirmed    the    batch   experiments. 

From   theoretical    calculations   of  ABS   monomolecu lar    layers,    it  was   found 
that   only   0.31    per    cent   of    the   area   of   bentonite   was   effective    in   adsorbing  ABS 
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whereas  in  the  case  of  Ottawa  sand,  multilayer  adsorption  was  indicated 
both  in  the  column  and  batch  experiments.   This  was  similar  to  the  finding 
of  Suess  (21)  . 

Some  efforts  were  made  to  determine  any  change  in  the  base  exchange 
capacity  (b.e.c)  of  the  clayey  soils  after  ABS  adsorption.   The  ABS  used  was 
the  C-12  and  C  - 1 5  pure  compounds.   The  b.e.c.  of  the  soil  was  determined  by  the 
ammonium  acetate  method  (23) (2k) ,  before  there  was  any  contact  between  the  soil 
and  ABS.   The  exchange  capacity  of  the  soil  after  equilibration  with  ABS  was 
again  determined  by  a  modified  ammonium  acetate  procedure  (23).   Results  in 
Table  11  show  that  there  was  a  significant  reduction  of  the  b.e.c.  in  bentonite. 
Figure  12  shows  the  per  cent  reduction  in  the  b.e.c. of  bentonite  was  proportional 
to  the  amount  of  ABS  adsorbed.   In  Peoria  clay,  this  per  cent  reduction  of  b.e.c. 
with  ABS  adsorption  was  fairly  constant. 

II I -5.   Pi  scussion 

The  finding  that  the  specific  adsorption  of  ABS  was  much  higher  in 
Ottawa  sand  than  in  bentonite  was  very  i nteresting, but  when  one  notices  that  in 
case  of  bentonite  only  a  fraction  of  one  per  cent  of  the  total  area   was  used  for 
adsorption  and  in  Ottawa  sand  even  multilayer  adsorption  was  possible,  then  it 
becomes  clear  that  the  efficiency  of  adsorption  for  ABS  in  Ottawa  sand  was  much 
more  than  in  bentonite.   Further,  the  negatively  charged  nature  of  bentonite 
repelled  the  negatively  charged  ABS  except  those  molecules,  which,  by  eddy  or 
molecular  diffusion  came  so  close  where  the  Van  de r  Waal's  forces  became  pre- 
dominant and  adsorption  occurred.   Weber  and  Morris  (25)  reported  the  adsorption 
of  ABS  on  activated  carbon  and  found  that  the  solute  adsorbed  per  unit  weight  of 
activated  carbon  was  inversely  proportional  to  the  square  of  the  diameter  of  the 
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particle.      This   was    attributed    to    the    increase   of    internal    surface   as    the 
particles  were   decreasing    in    size.      The    data   of   Suess    (21)     indicated    that    the 
total    adsorption    of  ABS   on    diverse    fractions  of    Pennsy 1  van ian-age    sandstone 
was  almost    inversely   proportional    to    the    cube    root   of    the    grain    size.      Thus    the 
adsorption   on   activated    carbon  will     increase   at   much    greater    rate  with    the   decrease 
in   grain    size    than  with    Pennsy  1  vanian-age    sandstone. 

The    decrease   of  ABS   adsorption   with    the    increase   of    pH   and   vice    versa 
were  also   observed   bv  Wayman   and   Robertson    (26)    who    studied    the    pentadecyl    ABS 
adsorption   on    kaolinite    clay   at    pH    k,    7   and    10.      The   enchanced   adsorption    in    the 
acid  media   was    said    to    be    due    to   an    increase    in    the    number   of    positive    sites  on 
the   clay    surface   which   enchanced  ABS   adsorption.      However,    they    failed    to   mention 
the   change    in    the    ionization    characteristics   of    the    solute   at    lower    pH .       It   was 
observed   by  Weber   and   Morris    (25)    that    the    lowering  of    pH    increased    the    formation 
of   unionized  ABS   molecules  which    had   more   affinity    for    the    carbon   or    soil,    as    the 
case  may   be.      The    pK   value   of   alkyl    benzene    sulfonic  acid    is   around    1.5.      The   effect 
of   hydrogen    ion   concentration   was   observed    in    pH    ranges    for   which    the    relative 
changes    in   absolute    concentrations   of    the    ionized   and    nonionized    species   of  ABS 
are   negligible.      Therefore,    it    is    suggested    that   decreasing    pH    changed    the    surface 
characteristics   of    the   adsorbent,    perhaps   decreasing    the    negative    charge   of    the 
surface  which  enhanced  adsorption. 

The    results   of    the   effect   of   ABS    structure   on    its   adsorption    to   soil    as 
mentioned   earlier  were   quite   difficult    to   explain.      On    the   one    hand,    the    C  —  1 5 
blend  ABS   adsorption   was    greater    than    that   of    the    C-12   blend,    but   more    pure 
dodecyl    ABS   was  adsorbed    than    pure    pentadecyl    ABS.      This    is   an   apparent    contra- 
diction.     The    lower    solubility   and   higher   molecular  weight   of    the    C - 1 5   blend 
compound   compared    to   C-12   blend   causes    this    increased   adsorption.      The    lower 
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solubility    makes    the   C  —  1 5   blend   more    hydrophobic   which   results    in   greater    surface 
excess    in    the    solid-liquid    interfacial    film  and   hence   allows   more    adsorption   on 
the    solid    phase.       In    the    case    of    the    pure  ABS    compounds,    this   was   apparently    not 
true.      There    is,    of   course,    a    possibility    that    this   apparent    contradiction    is 
simply    the    result   of   a   mistake;    e.g.,    switching    labels   on    the    pure   ABS    samples. 
It  may    be,    however,    because    the    presence   of    1  .    a    higher   concentration   of    pure 
pentadecyl    ABS   at    the    liquid-air    interface,    owing    to   higher   energy   of   desorption 
from    this    interface,    allows   a    lower    concentration    to    remain    in    the    liquid    phase 
and   consequently   yields    lower   adsorption   on    the    solid    phase,    2.    pure    pentadecyl 
ABS   has   a    lower    rate   of   diffusion   because   of    its   big    size    compared    to    pure   dodecy 
ABS,    so   adsorption   will    be    slower   especially    in   clayey    soils   which   have    internal 
surfaces,    3-     lower    critical    micelle   concentration    (cmc)    of    pure    pentadecyl    ABS 
compared    to    pure    dodecyl    ABS    causes    lower   adsorption,    because    the   micelle    form  of 
ABS  would    have    little    surface   activity   and    have    perhaps    less   chance   of   adsorption 
than  ABS    ion    forms.      All    these    factors   may   be   acting    in   conjunction   or   one   of 
them  may   be   more    important    than    the   others,    depending   on    the   circumstances. 

Results   obtained   with    clays    by   Wayman  and   Robertson    (26)    support   our 
ABS    blend   adsorption   data.      Always   C-15  was   adsorbed   more    than   C-12   compound    in 
batch   experiments.       It   was    inferred    that    the    free   energy   of   adsorption    increased 
with   the    increase    in   molecular   weight   of    the   adsorbate.      Weber   and   Morris    (25) 
also   found    that   C-]k  and   C-12  ABS   were   always   adsorbed   more    than    the   C -6  or   C -8 
compound.      This    increase    in    the    molecular  weight   and    size    gave   an    increased 
affinity    for   adsorption    because   of    the   additional    energy   of   adsorption.      This 
follows   Traube's    law   for   adsorption. 

The    recudtion   of    the    b.e.c.    of   clays   by  ABS   adsorption   was   easily 
explained.      The   adsorbed   ABS    prevented    the   access   of    ions    to    be    the   exchange 
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sites    in    the    basal    plane    in    the   case   of    bentonite.       In    the    Peoria   outwash, 
the  exchange    sites   were    located   on    the   edges   and    the   cleavage    surfaces,    and 
were    very  widely    spaced   as    shown   by    the    low  exchange   capacity.      ABS   adsorption 
in    the    form  of    islands   caused    practically   constant    reduction  of    b.  e.c.  as   more 
ABS  was   adsorbed . 

The    absolute    values   of  ABS   adsorption   obtained    by   Klein,    Jenkins 
and   McGauhey    (17)    are    very    similar    to   values    reported    here.      They    found 
1.5    to    10  ug/g  of    soil    for    sandy    loams   and    sand    in    column   experiments. 
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IV.   REMOVAL  OF  ABS  BY  BIOLOGICAL  FLOCS  IN  ACTIVATED  SLUDGE  SYSTEMS 

In  earlier  work  (Section  II)  it  was  found  that  ABS  was  adsorbed  on 
biological  slime  in  sand  columns  to  a  considerable  extent.   Robeck,  et_  aj_.  (16) 
and  Klein,  e_t_  aj_.  (17)  also  reported  the  importance  of  the  microbial  population 
associated  with  the  top  layer  of  soils  on  the  adsorption  of  ABS  in  soil  systems. 
It  was  decided  to  look  into  the  importance  of  adsorption  of  ABS  in  an  activated 
sludge  system.   It  has  been  reported  by  Schoenborn  (k)    that  activated  sludge 
adsorbed  tetrapropy lene  benzene  sulfonate  according  to  Freundlich  isotherm 
while  other  detergents  failed  to  show  much  adsorption  due  to  their  rapid 
degradat ion .   Malz  (27)  also  reported  the  amount  of  detergents  adsorbed  on 
settled,  activated  and  digested  sludges.   He  found  that  tetrapropy  lene  benzene 
sulfonate  adsorbed  by  activated  sludge  was  given  up  as  the  sludge  settled. 
Sweeny  and  Foote  (28),  however,  pointed  out  that  only  one  to  three  per  cent  of 
tetrapropy  lene  benzene  sulfonate  entering  an  activated  sludge  plant  was  removed 
by  adsorption  on  the  newly  formed  activated  sludge,  although  the  overall 
removal  was  65  to  69  per  cent.   The  rest  was  apparently  degraded.   Hartmann  (20) 
and  McKee  and  McMichael  ( 1 9)  reported  with  pure  culture  and  mixed  culture  studies 
that  ABS  was  adsorbed  in  batch  shaker  experiment  to  the  microbial  surface  to 
quite  an  extent  and  such  adsorption  was  reversed  by  pH  change  and  heat. 

All  these  references  illustrate  that  adsorption  of  ABS  in  activated 
sludge  system  does  take  place,  but  there  seems  to  be  some  doubt  on  the  amount 
of  adsorption  and  its  importance.   This  study  was  to  determine  at  any  time  the 
amount  of  ABS  in  al  1  three  phases  in  an  act i  va ted  si udge  system,  i.e.,  the 
solid,  liquid  and  foam.   The  amount  of  degradation  of  ABS  was  also  determined. 
The  effect  of  complexity  of  the  substrate  on  the  activated  sludge  system  on 
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the   adsorption   and    degradation   of  ABS   was    studied.      Attempts  were   made    to    see 
if   such   adsorption   on    the   microbial    mass    followed    Freundlich's    isotherm. 

IV  - 1 .      Procedure 

The      substrates   chosen    for    the    batch   activated    sludge    units  were 
dextrose,    maltose   and    liquid   Metrecal     (vanilla    flavor).      The    first    two    represented 
the    simple    substrates   and    the    third    represented   a   complex    substrate.      The    stock 
activated    sludge    units   were   operated    in    batch    systems   as    shown    in   Table    12. 
The   aeration    period   was    23    hours,    after  which   one    third   of    the   mixed    liquor  was 
wasted   and    the    remaining    sludge   was    settled    for   one    hour    before    feeding  once 
again.      The    units   were    started    from  a    seed   obtained    from  a    continuously    fed 
activated    sludge    unit  operated   on  Metrecal    as    the    substrate.      This  was    so    that 
the    starting   microflora   was    the    same    in   all    the    units.      After    the    unit   had   been 
acclimated   on    the    particular    substrate    (as    indicated    by    solids    balance   and 
constant   COD    removal),    the   waste    sludge   was    harvested    by   cent r i f ugi ng,    washed 
with   0.2    per   cent    saline,    and    finally    resuspended    in   Davis   medium   prior    to 
refrigeration.      The    stored   cells   were    used    for   experimentation  within   seven   days; 
anaerobic    conditions    prevailing    in    the    storage    bottle   over   a    prolonged    period 
caused   unreproduc i b le    results.      Prior    to    the    start   of    the    experiment,    the    concen- 
tration of    the    cells    in    the    stored    sludge   was   determined   and    the    amount    required 
to   give    the    required   concentration    in    the    experimental    system  was   withdrawn. 
The   experimental    activated    sludge   unit    is    shown    in   Figure    13-      The    foam   produced 
in    the    system  was   carried    by    the   outgoing  air    into   one   of    two    inverted   conical 
flasks  which   were    used   as    foam    traps,    allowing    the   air    to  escape    into    the   atmos- 
phere  but    retaining    the    foam.      The    trapped    foam   could    be   measured    in    volume,    and 
could   be   collapsed   by   alternate    pulses   of    vacuum  applied    to    the    flasks,    followed 
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Table  12.   Details  of  Operation  of  Batch  Activated  Sludge  Units 


System 


COD    Fed 
Aeration    Period      per   Day      COD/N 
Hours  mg/1 


Per   Cent 

Mixed    Liquor  Average   COD 

Wasted    per  Removal 

Day  Per   Cent 


Dextrose   Unit 


23 


500 


12 


33 


95 


Maltose   Uni  t 


23 


500 


12 


33 


92 


Metrecal    Unit 


23 


250 


33 


95 


Total    COD   of   Metrecal    in   can    liquid    (vanilla    flavor)    was   about   250,000  mg/1 

Total    nitrogen   of   Metrecal     in    the    can    liquid   was    found    to    be    9700  mg/1,    so 
extra   NH,  C 1    was   added    to   get    the   COD/N    ratio. 


C0D/P  was   much   higher    than    required    because    1    M   phosphate    buffer    pH    7-0  was 
used    to   have    the    pH    constant   at    7-0  at   all    times. 
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Figure    13.      Experimental    Activated   Sludge   Unit 
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by  washing  it  down  into  the  liquid  phase  of  the  activated  sludge  unit  (by 
drawing  the  liquid  simultaneously  as  the  foam  was  being  collapsed  under 
vacuum).   This  procedure  allowed  most  of  the  ABS  in  the  system  to  be  retained 
at  any  time.   Samples  of  foam  could  be  taken  at  the  side  exit  and  its  uncol- 
lapsed  volume  measured.   The  experiment  was  initiated  by  adding  a  known  amount 
of  solids  to  the  unit  together  with  the  substrate  to  which  it  was  acclimated, 
the  nutrients  (ammonium  chloride  and  phosphate  buffer)  and  tap  water.   A 
sample  of  rrpxed  liquor  was  taken  just  prior  to  ABS  addition.   The  ABS  used 
was  C-12  blend  supplied  by  the  California  Research  Corporation.   The  ABS  was 
fed  at  the  required  concentration  and  within  thirty  seconds  the  first  samples 
of  liquid,  solid  and  foam  were  taken.   These  three  samples  were  taken  at  other 
times  covering  the  aeration  period.   Often  these  three  could  not  be  taken 
simultaneously  and  any  difference  in  time  was  always  noted.   The  liquid  sample 
was  collected  by  filtering  an  aliquot  through  a  membrane  filter;  this  also 
gave  the  membrane  solids  at  that  time.   The  solid  phase  ABS  was  determined  by 
taking  25  ml  of  mixed  liquor  sample  at  a  particular  time  and  centrifuging  it 
to  separate  the  liquid  portion  from  the  solid.   The  biological  solids  thus 
obtained  were  treated  with  a  pH  buffer  8.3  and  heated  in  a  water  bath  for  five 
minutes  to  desorb  the  ABS  from  the  solid  phase  (19).   Usually,  two  desorptions 
were  sufficient  to  take  all  the  ABS  out.   A  blank  desorption  with  solids  prior 
to  ABS  addition  was  also  included  in  order  to  take  into  account  any  inter- 
fering organic  matter  coming  out  after  the  desorption  procedure  which  might 
cause  interference  in  the  methylene  blue  procedure  of  ABS  determination.   Foam 
samples  collected  were  collapsed  by  addition  of  distilled  water  of  known 
volume  and  the  ABS  in  the  collapsed  foam  determined  by  the  methylene  blue  pro- 
cedure.  The  liquid  sample  was  analysed  for  ABS  and  COD  by  the  procedure 


hi 

outlined    in    Standard   Methods    (\k) .      Attempts  were   also   made    to   determine    the 
amount   of  ABS   adsorbed   on    the    glass   activated    sludge    tubes.      The    liquid   was 
carefully   drained    from    the    tube   after    the   experiment   and    100  ml    methylene 
blue    solution   added.      The   entire    surface   of    the    tube  was   wetted    by    this 
solution    so    that   any  ABS    sticking    to    the    sides   would    complex  with    the 
methylene   blue   and    then   could    be   measured    by    the    standard  ABS    test.      However, 
it  was    found    that    the  ABS   associated  with    the   walls   of    the    tube   was    neg- 
ligible,   being   about    2    to    3    per   cent   of    the    total    ABS    fed. 

IV-2.      Resul  ts 

Dextrose  System:   Figure  14  shows  the  ABS  content  in  milligrams  in 
the  various  phases  of  the  activated  sludge  system.   The  COD  removal  and  the 
membrane  solids  are  plotted  at  different  time  periods  from  the  start  of  the 
experiment.   The  membrane  solids  data  are  not  very  reliable  because  at  times 
the  foam  carried  some  solids  away  from  the  liquid  phase.   It  is  apparent  from 
the  figure  that  initially  most  of  the  ABS  was  in  the  foam  phase,  and  the 
decrease  of  ABS  content  in  the  liquid  phase  increased  the  foam  ABS  (initially) 
and  then  decreased  slowly.   This  is  also  shown  in  Figure  19s  which  Indicates 
the  ABS  in  the  foam  phase  at  different  liquid  ABS  concentrations.   The  ABS  in 
the  solid  phase  appeared  quite  constant  except  at  the  very  beginning  where  a 
larger  amount  was  associated  with  the  cells. 

Maltose  System:   Figure  15  shows  the  ABS  distribution  in  the  various 
phases  in  the  activated  sludge  system.   Here  also  a  large  part  of  the  ABS  was 

nitially  associated  with  the  foam  phase  and  the  decrease  of  ABS  in  the  foam 
followed  the  same  trend  as  in  the  dextrose  system  with  the  decrease  of  ABS  in 
the  liquid  phase  (Figure  19).   The  ABS  associated  with  the  solid  phase  in  this 
system  was  much  higher  than  that  in  the  dextrose  system. 
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Metrecal  System:   The  ABS  distribution  in  the  three  phases  of  the 
activated  sludge  system  which  was  fed  Metrecal  as  substrate  is  shown  in 
Figure  16.   After  repeated  experimentation,  it  was  noticed  that  even  at  the 
start  of  the  experiment  there  was  always  about  one-third  of  the  ABS  unaccounted 
for,  and  there  was  hardly  any  foam  in  the  beginning  even  though  the  ABS  concen- 
tration of  the  system  was  about  11.9  mg/1 .   The  foaming  usually  started  after 

35 
about  two  hours  aeration.   This  discrepancy  was  finally  traced  by  an  ABS 

tagged  experiment  and  was  found  to  be  due  to  interaction  or  complexing  of  the 

ABS  with  some  ingredient  of  Metrecal  which  allowed  lower  quantity  to  remain  in 

the  liquid  phase  and  also  it  inhibited  foaming.   The  appearance  of  foam  after  a 

period  of  time  was  due  to  the  b iodegradat ion  of  the  complexing  compound  in 

Metrecal,  releasing  ABS  to  liquid  phase.   Figure  16  shows  that  ABS  in  the  liquid 

phase  remained  constant  for  about  four  hours  before  decreasing  logarithmically. 

The  ABS  in  the  solid  phase  also  remained  practically  constant  for  a  while  before 

decreasing.   The  solids  data  is  also  misleading  because  Metrecal  itself  is 

colloidal  and  about  35  per  cent  of  its  COD  is  retained  on  the  membrane  filter. 

Maltose  Sludge  with  Dextrose  Substrate:   The  purpose  of  this  experi- 
ment was  to  see  whether  the  ABS  removal  would  be  different  if  nonaccl imated 
sludge  was  used  in  the  activated  sludge  system.   However,  it  must  be  remembered 
that  dextrose  is  a  part  of  the  maltose  molecule  and  hydrolysis  of  the  glucosidic 
bonds  of  maltose  gives  dextrose,  so  it  was  not  a  severe  case  of  nonaccl  imat ion . 
Figure  17  shows  the  ABS  distribution  in  the  activated  sludge  unit  using  maltose 
sludge  and  dextrose  as  substrate.   The  system  behaved  very  similar  to  the  one 
which  was  referred  to  as  maltose  system  earlier.   The  COD  removal  had  a  some- 
what different  kinetics  than  that  of  the  maltose  system. 
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IV-3 •      D  i  scuss  ion 

Table    13    gives    the    total    ABS    removal    per    cent   attributed    to    degra- 
dation  of    the    four    systems,    and   also    the   apparent    per    cent    removal    calculated 
Dn    the    basis   of    liquid    phase  ABS    concentration   alone.      The    per    cent    removal 
for    the    Metrecal    system    in    the   activated    sludge    unit   after    2k   hours   aeration 
vas   very   high.      This  was   also   evident    if  only    the    liquid    phase    samples  were 
analysed    for  ABS.      The    per   cent    removal    of  ABS    in    the   dextrose,    maltose   and 
the   nonaccl imated   maltose    sludge   with    dextrose    substrate    system  was    lower    than 
the   Metrecal    system  and   was   around   62    to    75    per   cent,    although    the    liquid 
samples    removal    was    up    to   84   to   98.5    per   cent.      This    showed   why    it   was    necessary 
to  evaluate    the    total    ABS    removal     in   any    system;    otherwise   quite   often    liquid 
samples   would    give    higher   apparent    removals.      The    per   cent    removals,    except    for 
the   Metrecal    system,    were   of    the    same   order   of  magnitude   obtained    by   Sweeny  and 
Foote    (5)     in   a    continuously   operated   activated    sludge    unit  with    sewage    feed, 
but  were    higher    than   that   obtained    by   McGauhey   and   Klein    (28)     in   activated    sludge 
plants.      This   can    be   explained   as    follows:       the    recycling  of   enriched   and    col- 
lapsed   foam   back    to    the    liquid    phase   allowed    longer   contact   of  ABS   with    the 
sludge    particles.      The    very   high  ABS    removals   obtained    for   Metrecal    system 
support   our    findings    in   Section   V    that    complex   substrate    (bactopeptone)    systems 
give   much    higher  ABS    removal     in   aerobic    biological    systems.      This   may    be    due 
to    the    presence   of    preformed   cofactors    in    the   complex    substrate  which  allows 
an  ABS   degrading   microbial    culture    to    grow. 

The   amount   of   ABS   associated   with    the    bacterial    cells    is    shown    in 
Table    ]k.      The  ABS    fraction   associated   with    the   cells    is    much   higher    than    those 
reported    by    Sweeny  and    Foote    (5).      The   maximum  of   20.3    per   cent   of    total    ABS 
was    found    to    be   associated   on    the    cells    for    the    system    in  which    the  maltose- 
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Table    14.      ABS  Adsorbed   on    the    Microbial    Cells    in    the    Various 
Activated    Sludge    Systems 


System 


Maximum  ABS  Associated  Average  ABS  Associated 
Total  ABS  Fed     with  Solid  Phase        with  Solid  Phase 

%  mq         % 


mg 


mg 


extrose   Unit 


altose   Unit 


etrecal    Unit 


altose   Sludge 
Destrose-Fed    Unit 


22.2 


22.2 


kk.k 


22.2 


3-3 


4.1 


6.1 


4.5 


15.0 


18.5 


13-8 


20.3 


1.5 


2.8 


4.0 


3.6 


7.0 


12.6 


9-0 


16.2 
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Jeveloped  sludge  was  fed  dextrose.   The  minimum  of  15  per  cent  was  encountered 
in  the  dextrose  system.   These  results  show  that  quite  substantial  amounts  of 
\BS  could  be  adsorbed  by  the  activated  sludges  depending  on  the  type  of  culture 

An  attempt  was  made  to  determine  if  the  solid  phase  adsorption  of 

X 

\BS    followed    the    Freundlich    type   adsorption    isotherm  expressed   as    loq   —     = 

r  =>   m 

oq  a  +  —   loq  C    where 
3  n        3 

X 

—     =     amount   of  ABS   adsorbed    per    gram  of    sludge 

C      =     concentration   of  ABS    in    liquid    phase 
a      =      constant 
n      =      constant 

rhe    log-log   plot   of   X/m   and   equilibrium   concentration    is    plotted    in   Figure    18 
:or    the   dextrose,    maltose    and   Metrecal    systems.      The    values   of    the    constants    'a 
ind    'n1    for    the    Freundlich    isotherm  are    reported    in  Table    15- 


Table    15:       Freundlich    Isotherm  Constants,     'a'    and    'n' 

for   ABS   Adsorbed   Cel 1 s 


System  a_  n 

Dextrose  0.55  0.91 

Maltose  0.86  2.86 

Metrecal  0.1  0.75 

As    has   been   mentioned    in    Section    III-4,    the    value   of    "a1     is   a    good 
neasure   of    potential    capacity   of    surfaces    for   adsorption.      The   maltose    sludge 
iad    the   highest    capacity    by    this   criterion.      The    scatter   of    points    in    Figure    18 
suggested    that    true    Freundlich    type    isotherm  was    not   obtained.      This   may    have    been 
because   at   any    single    time   equilibrium   conditions   were    not   attained.      ABS    degradation 
>r   uptake   at    the    surface   of    the   cell    perhaps   changed    this   equilibrium    from   time    to 


57 


10.0 

5.0 

4.0 

3.0 
2.0 

1.0 


0.5 
0.4 

0.3 
0.2 


0.1 


1 1     I     Mill 


1 — I — \—r 


Dextrose        Me,trecal 
System 


Ma  1 tos 
System 


#  Dextrose  System 
A  Maltose  System 
■  Metrecal  System 


J L_Jl 


0.2  0.4  1  2        3     4  56  7  8910        20     30  40     60 

ABS   Concentration    in    Liquid    Phase,    mg/1 

Figure    18.      Freundlich    Isotherm    for    the  ABS  Adsorption   on  Cells 
in    the  Activated   Sludge    Systems 
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time.   Further  the  foaming  of  the  liquid  under  aeration  removed  ABS  from  the 
liquid  phase  and  changed  the  equilibrium.   The  recycling  of  collapsed  foam 
also  changed  the  equilibrium.   The  amount  of  foam  at  any  particular  moment 
would  be  governed  by  the  ABS  in  the  other  two  phases  too.   So  actually  there 
.vould  be  simultaneous  equilibria  between  the  liquid  and  the  solid  phase  ABS, 
and  also  between  the  ABS  in  the  foam  and  the  liquid  phase.   Figure  19  relates 
the  ABS  in  the  foam  phase  and  the  liquid  phase.   There  was  an  increase  in  the 
\&S    in  the  foam  phase  as  the  ABS  in  the  liquid  phase  was  increased.   But  after 
an  optimum  liquid  ABS  concentration  where  the  ABS  in  the  foam  was  maximum, 
there  was  a  decrease  in  the  amount  of  ABS  in  the  foam.   This  was  evident  in 
all  the  three  systems  using  dextrose  and  maltose.   In  the  Metrecal  system,  no 
points  at  higher  ABS  concentrations  were  available  because  of  the  lack  of  foam 
in  the  system  due  to  interaction  or  complexing  of  ABS  and  Metrecal  substrate 
ingredient.   The  two  maltose  systems  were  very  similar  to  each  other  regarding 
the  ABS  distribution  in  the  foam  and  the  liquid  phase. 
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V.      TERTIARY   TREATMENT   OF   ACTIVATED    SLUDGE    PLANT    EFFLUENT    FOR   ABS 
AND    PHOSPHATE   REMOVAL    BY    SAND    FILTRATION 


This    study  was    initiated    to    investigate    the    use   of    intermittent    sand 
filtration   as   a    means   of    tertiary    treatment  of    sewage    plant   effluent    containing 
ABS,    phosphates   and   other    refractory   materials.      Application   of    sewage    plant 
effluent   as   a    source   of    ground   water    recharge    has   been    used   at    several    places 
like   Hyperian,   Whittier   Narrows   and    Los  Angeles,    California.      Robeck,    et_  aj_.     (16) 
used    intermittent    dosing  on    sand    lysimeters   as   a    secondary    treatment    process    for 
septic    tank  effluent   and   obtained   a    high    degree    of   ABS   degradation   after   a 
period  of  acclimation,    or   "ripening."      McKee   and   McMichael     ( 1 9)     investigated 
the  effectiveness   of    intermittent    soil    percolation    fields   as   a    tertiary    treat- 
ment at    the   Whittier   Narrows   water    reclamation    plant    in  California.      After 
proper    ripening  of    the    infiltration    systems,    they   obtained  ABS    removals   and   as 
mentioned   earlier,    attributed    it   mostly    to   b iodegrada t ion   and   adsorption. 
Even  our   earlier    study   with   unsaturated    intermittent    sand   column    indicated 
significant   ABS   adsorption   and    practically    no   degradation. 

V-l .      Procedure 

Five    sand    filters   were   made   of   4-inch   diameter    plexiglass    tubes 
sealed   at   one   end.      A    drain    for   effluent  was    installed   at    the    bottom   and   air 
could   be   admitted    through   another    part    if    necessary    in   case   of   anaerobic 
conditions.      Figure    20    shows    the    details   of    the    column    feeding  arrangement. 
The   sand   used   was    filter    sand    from   Muscatine,    Iowa,    having  an   effective    size 
of  0.29  and    uniformity   coefficient   of    1.3.      The    depth   of    the    sand   column  was 
three    feet.      The  other    details   of    the    column    packing  are    given    in   Table    16. 
The   sixth    filter   was   constructed   of  £-inch    pea    gravel    instead   of    sand.      The 
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Open  to  Air 


Syphon  A 


(9  Screw  Clamp 


Feed  Bottle 


Dose  Cylinder 


Syphon  B 


Effluent  Collector 


Figure  20.  Line  Diagram  of  Sand  Column 


Table  16.   Column  Packing  Data  for 
Tertiary  Treatment 
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Column 

Med  i  urn 

Med  i  urn  We  i 

ght 

Permeabi 1 

"ty 

No. 

Type 

qms  . 

qa 1 /ft/day 

Porosi  ty 

1 

Sand 

12,150 

2,380 

0.425 

2 

Sand 

12,150 

2,570 

0.467 

3 

Sand 

12, 120 

2,370 

0.441 

4 

Sand 

12,150 

3,370 

0.498 

5 

Sand 

12,150 

2,540 

0.511 

6 

Grave  1 

13,750 

6,300 

0.421 

Uniformity   coefficient   of    sands   was    1.3 
Effective    size   of    sands  was   0.29  mm. 
Gravel    size    ranged    from    1/4"    to    3/8". 
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reason   for   using   such   a    large    particle    size   was    to   ascertain    the    refractory 
removal    characteristics   of    the    gravel    filter    under   heavy    loading   conditions 
(especially    high   hydraulic    loads)    without   any   clogging   problem  as   encountered 
in   the   sand    filtration   where    ponding  and   clogging  occurs    in  case   of   heavy 
appl icat  ions . 

The    sand    filters  were    initially    seeded   with   a    synthetic    sewage   con- 
taining   10   per   cent    settled    sewage,    dextrose    (250   mg/l),    NH,  C  1    and    phosphate 
buffer  which   allowed   a    heterogeneous   microbial    population    to   grow.      After    four 
days  of   seeding, good    biological    activity   was   evident    from    the   COD    removal    data. 
The   final    effluent    from    the    local    Champa  i  gn-Urbana    activated    sludge    plant   was 
feci   to    these  bio  logi  ca  1  ly   active    columns   every   day.      The    character   of    the    feed 
is  given    in   Table    17-      The    feeding    schedule    for   each   column    is    presented    in 
Table    18.      The    dosing    period   was   adjusted   with    the    help   of    pinch   clamp   control 
of   the    inflow    to    the    siphon.      Frequent    checking  and   control    allowed    the    required 
dose    intervals.      After    two   months   of   operation,    the    feeding    schedule   of    some   of 
the  columns  were   changed   as    shown    by    the    period    B    in  Table    18.      Daily    samples 
of   influent  were    collected    prior    to   application    to    the   columns.      Effluent   of 
the  columns  was    sampled    soon   after    feeding.      For    column    3,    in  which    the    flow  was 
very    low,    the   daily   composite    sample   was    used. 

It   was    intended    initially    to   determine    the    following    tests   on    these 
samples:      ABS,    total    phosphates,    nitrogen    (nitrate,    nitrite,    ammonia   and   organic), 
BOD,   COD,    pH ,    suspended    solids,    and    total    plate    counts.       In    this    report    only  ABS, 
phosphate  and   COD    data   are    included    because    the   other   data   were  erratic   and    there 
were   too   few  complete   data.      The   analytical    technique    used    for  ABS   was    the 
methylene   blue    test   as   outlined    in    Standard   Methods,    11th   edition    (\k)  .      The 
letermination   of    phosphate   was   made    by    the    procedure   outlined    by    the  Association 
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Table    17-      Champa i gn-Urbana   Activated    Sludge    Plant   Effluent 
Characteristics    Summer    1 963 


Average   BOD,    mg/1  20 

Average   COD,    mg/1  70 

Average   Total    Suspended    Solids,    mg/1  16 

Average   Volatile    Suspended    Solids,    mg/1  11 

pH  7-0 

Nitrogen    -  NH    ,    mg/1    as   N  2.4 

Nitrogen    -   Organic,    mg/1    as   N  6.5 

Nitrogen    -  Total,    mg/1    as   N  8.9 

Nitrogen    -  NO    ,    mg/1    as   N  2.5 

Nitrogen    -  NO        mg/1    as   N  0.5 

Total    Viable   Counts  350,000 

Average   ABS,    mg/1  2.5 

Average   Total    Phosphate,    mg/1  as    P„0                                      kS 
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of  American  Soap  and  Glycerine  Producers  (AASGP)  (29)  .   It  consisted  of 
forming  phosphomo lybda te  with  the  addition  of  ammonium  molybdate  to  sample 
containing  orthophosphate  .   The  phosphomo 1 ybda te  was  extracted  by  benzene- 
isobutanol  solvent  and  reduced  subsequently  with  stannous  chloride  to  give 
a  blue  color,  which  was  read  at  630  mu.  wave  length  in  a  spectrophotometer. 
Condensed  phosphates  were  determined  by  boiling  the  samples  in  dilute  sulfuric 
acid  which  converted  it  to  orthophosphate  and  the  procedure  for  orthophosphate 
was  then  repeated.   The  difference  between  the  orthophosphates  in  the  acidified 
boiled  samples  and  the  sample  without  this  treatment  was  taken  to  be  the  con- 
densed phosphate.   The  organic  phosphates  were  converted  to  orthophosphates 
by  wet  ashing  procedure  and  the  method  for  determining  orthophosphate  then 
followed  with  the  wet  ashed  sample.   This  gave  the  total  phosphate.   The 
organic  phosphate  was  determined  by  the  difference  between  this  value  and  the 
total  condensed  plus  orthophosphate. 

V-2.  ABS  Remova  1 


V-2,1.      Resu 1 ts:      The   average  ABS    removal    for   each   of    the    two   periods   of 
different    feeding   schedule   are    reported    for   all    the    six   columns    in   Table    19- 
The   standard   deviations   are   also    reported.       It   will    be    noticed    that    there   was 
significant   deviation    in    the   data.      The   COD    removals   are   also    presented    in 
Table    19  which    is   quite   closely    related    to   the  ABS    removal    data.      Figure    21 
shows    the    relationship   between    the   COD   and  ABS   average    removal    percentage   of 
the   six  columns.      There    is   almost  a    linear    relationship    between    these    two 
parameters,    except    for    column   2    in    the    second    period   when    synthetic    feed   was 
applied.      The  average  ABS   concentration  of    the    influent   was    2.5  mg/1,    and    the 
average   BOD   was    20  mg/1    and    the   average   COD   was    70   mg/1    over    the   entire    period 
The  effect   of    hydraulic    loading  applied    to    the    sand    filters   on    the  ABS   and   COD 
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removals   are    presented    in   Figure    22.      The    removal    efficiency    for   ABS   and   COD 
decreased    linearly   as    the    hydraulic    loading   was    increased.      Column   2,    which 
vas  changed    from   feeding  activated    sludge    plant    effluent    to   a    synthetic    feed 
(bactopeptone ,    NahLPO,    and   "Tide"    detergent)    showed    remarkable    increase    in 
\BS  and  COD    removals   after    the    change   was   made,    as    is   evident    from  Table    19 
and  also   Figure    22.       In   column    5    the    feed    rate   was    doubled    in    the    second    period, 
although    the    feed    sequence    remained    the    same,    four    times   a    day.      The  ABS 
remova  1    in    the    column    fell    to   about    two    thirds   of    the    previous    value,    although 
~he  COD    removal    decrease   was   only   20   per   cent.       In    the    pea    gravel    column,    the 
feed    sequence   was   changed    from    four    times   a    day    to    twelve    times   daily,    although 
the    total    amount    fed   daily  was    the    same.      This    reduced    the   ABS    removal    capacity 
;onside rably .      However,     in    the    sand    column   3,    which   was   also    fed    twelve    times 
a   day,    the  ABS   and   COD    per    cent    removal    was    the    highest   of   all    the   columns. 

Cumulative   ABS    removals   were   obtained    for   each   column    based   on    the 
average  ABS    removal    per   week    for    the    entire    period.      Figures    23   and   2k   present 
these   cumulative    removals    for    the    six   columns.      Table    20    shows    the    cumulative 
^BS   removals    for    the    six   columns.       It   will    be    apparent    that    column    5    removed 
Tiaximum  ABS   over    the   entire    period   although   column    3    had    the    best   ABS    removal 
fficiency  as   measured    by    the    per   cent    removals.      Column    2    in    the    second    period 
:annot   be    compared   with    the   other    columns   because    the    feed   was    synthetic    instead 
of  activated    sludge    plant   effluent,    although    its   efficiency   of    removal    was    the 
:est  of    the    lot    in    that    period. 

Prior    to   dismantling    the    columns,    ABS   was   eluted   with    tap   water    in 
order    to   obtain   an    idea   of    the    physical  ly   adsorbed   ABS   on    the    sand    filter. 
:igure   25    shows    the  ABS   eluted    from   the   different   columns   and    the   amount   of  ABS 
eluted   from   the   column  are    reported    in   Table    20.      The   amount   of  ABS   eluted   was 
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Table  20.   Cumulative  ABS  Removals  and  the  Amount  of 
ABS  Eluted  from  the  Columns 


Column  No 


Cumulative  ABS  Removed 
mg 


Total  ABS  Eluted 

from  the  Column 

by  Tap  Water 

mg 


kkS 
630 
800 
817 
535 


0.75 
4.0 
8.4 
10.5 
5.4 
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of  the  same  order  of  magnitude  for  all  the  columns  except  column  2,  which  eluted 
much  less  ABS  than  the  others.   This  was  the  column  which  showed  maximum  per  cent 
ABS  removal  but  it  had  very  little  ABS  which  could  be  eluted  by  tap  water.   This 
elution  experiment  was  extended  in  the  case  of  column  5-   After  the  elution 
activated  sludge  effluent  was  percolated  through  it  again  and  the  ABS  removal 
evaluated  immediately.   There  was  a  sudden  increase  in  the  ABS  removal  which 
fell  off  as  days  passed  after  elution.   Another  elution  was  made  after  eight 
days  and  again  significant  increase  in  the  ABS  removal  was  obtained  on  refeeding 
as  shown  in  Figure  26.   The  per  cent  removal  fell  off  to  that  before  elution 
in  a  couple  of  days . 

The  columns  were  dismantled  after  the  experiments  were  over.   The 
soil  samples  at  successive  depths  were  taken  in  order  to  determine  the  volatile 
solids,  number  of  mi crorogani sms ,  moisture,  etc.   All  columns  were  aerobic  from 
inside  and  had  a  fresh  soil  smell  even  at  the  zone  of  saturation  at  the  bottom. 
Table  21  gives  the  data  on  the  variation  of  volatile  solids,  moisture  and  number 
of  microorganisms  with  the  depth  of  sand  bed  in  the  six  columns.   Figure  27 
graphically  illustrates  these  variations.   An  attempt  was  also  made  to  determine 
the  amount  of  ABS  associated  with  the  scrubbed  cells  from  the  sand  and  on  sand 
itself  at  various  depths  for  column  5-   Table  22  shows  the  variation  in  the  ABS 
desorbed  from  the  sand  at  various  depths  in  column  5-   The  total  amount  desorbed 
was  very  close  to  the  value  obtained  earlier  during  elution  experiment  with  tap 
water . 

V-2.2.  D  iscuss ion:   The  data  of  Table  19  show  that  intermittent  feed, 
as  in  column  3,  was  more  effective  in  removing  the  ABS  and  COD  through  the 
column  as  compared  to  the  slug  loading  once  a  day  as  used  in  column  1.   Column 
3  was  even  better  than  column  2  which  was  dosed  four  times  a  day  as  compared  to 


76 


L. 

V 
*■> 

(0 
Q. 

Q) 

4- 

< 


o 

0> 
CO 

LT\ 

C 

E 

o 

o 


CO 
CO 

< 


Csl 

u 


}uaQ  jaj    'leAomay   $gy   a6ejsA\/ 


77 


o 

oa 

r-. 

la 

LA 

^o 

-J- 

en 

J- 

LA 

r- 

LA 

o 

CTv 

CM 

LA 

o 

CD 

E 
O 

!_ 


(U 
Q 


CA 


CM 

r-. 


vO 


LA 


C 

E 

D 

o 


CM 


oo 


LA 
CO 


LA 
CA 


CM 
PA 


CO 
LA 


O 
OA 


CM 


OA 


oo 


OA 


O 
OO 


oo 


CM 


CM 

oo 


If) 

ro 

0  — 

^— 

O 

O 

21 

> 

■u 

■u 

!_ 

c 

c 

0) 

CD 

CD 

4-< 

O 

O 

■M 

03 

u 

s_ 

SI 

0) 

CD 

Q. 

Q. 

O^ 
LA 

<3A 
O 

LA 
CM 


0O 


E 

<d 

!_ 

CD 

l-4- 

CD 

0 

CL 

— 

l/l 

X 

E 

1/1 

'• — 

c 

O 

ro 

1/1 

Ol 

i_ 

14- 

O 

O 

MD 


C 

E 

D 

o 


o> 

CA 


^O 


CTi 


00 


CM 

on 


LA 
CA 


O0 


O 
CPi 


LA 
■J" 


CA 
J" 

CM 

00 

-Ct" 


J" 


CA 

-J" 


O 


O^ 
CA 


CA 
CA 

OA 

00 


LA 

-J- 

O 
O 

'o 

O^ 


VO 


O 


CM 


CA 

00 


O^v 


r-. 


o 

vO 


CA 

o 


vO 


CM 
CM 


0O 

r-. 


CM 
CA 


0O 
vO 


CM 
0O 


en 

CM 


CM 

J- 

CA 

E 
ro 

u 

CD 

CD 

en 

!_ 

■ — 

n 

.— 

s-d- 

4-J 

■M 

<D    O 

l/l 

CD 

1 

Q.  — 

•  — 

— 

O 

O 

0 

i_ 

i/>    X 

S 

> 

L) 

E 
in  ■— 

4-J 

4-J 

i_ 

k 

._  ._ 

c 

c 

CD 

c    0 

CD 

CD 

4-1 

u- 

(D     l/l 

<_) 

c_) 

4-1 
CO 

0 

Ol 

L-    14- 

i_ 

L- 

21 

O      O 

CD 

CD 

0 

0_ 

Q_ 

■z. 

1/1 
x> 


CM 
O 

0 


0 

0 

0 

0 

i/i 

vO 

CD 

n 

4-1 

■ — 

ro 

CO 

> 

T3 

CD 

-C 

1_ 

CD 

14- 

-C 

c 

>« 

CD 

— 

-C 

CD 

3 

> 

X) 

1/1 

CD 

1/1 

c 

(D 

•  — 

O 

0 

X 

1 — 

CD 

to 

0 

CD 

> 

l/> 

CO 

ro 

cn 

2 

XI 

vO 

O 

jZ 

c 

4-1 

E 

CD 

D 

E 

1 — 

O 

1/1 

O 

.,— 

-C 

C 

4-1 

>- 

— 

-Q 

u 

> 

■O 

CD 

CD 

i_ 

C 

CD 

.— 

CD 

cu 

4-J 

_c 

-Q 

h- 

O 

78 


--, ft 


X) 
09 
O 


W 

c 
a 

rd 

•H 

V 
+J 

o 

rd 
o 


o\-> 


0> 

3 
+-> 
to 

•H 

o 


T3 
C 
id 
CO 

o 

£ 

to 


I 

o 


to 

•H 
rH 
O 

co 
o 

•H 

4-> 
•d 

H 
O 

> 


o    ® 


to 


3 
•H 
O 
O 

x» 

c 

CO 


•H 

w 

c 

Q 


rd 
•H 

£. 

o 

id 

PQ 

*a 
c 
id 

w 

T3 
•H 
rH 
O 
CO 

a> 

H 
•H 

•p 
id 

o 

> 


fc. 

3 
+-» 
CO 
•H 

o 

o 

c 
o 

•H 

m 

id 
> 


Po- 
CM 

0) 

3 
bC 
•H 
Cm 


(uio34oq  uioaj  iuo)  uumxoo  ut   expaw  jo  qjdaQ 


79 

twelve    times    for   column    3-      Thus,    it   appeared    that    the    frequency   of    loading  was 
a   factor  which  must    be    considered    in    the    soil    percolation    system   for    tertiary 
treatment,      McGauhey   and   Winneberger    (30)    studying    the    failure   of    septic    tank 
percolation    system,  advocated    the    use   of    intermittent   dosing    in  order    to  maintain 
optimum    infiltration    rates    in    the    soil.      Similar   observations   were   also    reported 
by  Robeck,    e_t_  a_l_.    (31)    who    found    intermittent    dosing  was    necessary    to    keep    the 
top  active    layer   of    soil    system   aerobic   when   organic   waste   was   applied    to    it. 
They   suggested    three    to    six    times   a    day    feed   conditions.      Our    f indings  def i ni tely 
snow   that   twelve    times   a    day    feed    sequence   was    better    than    four    times    in    sand 
columns.      We   did    not    perform  any    intermediate    dosing    sequence    between    12   and 
k  times  a    day,    but    it    is   clear    that    small    amounts    fed   at    numerous    times    is 
better   for  ABS    removal. 

The    decrease    in    the  ABS   and   COD    removal    with    the    increase   of    hydraulic 
loading  as    shown    in   Figure    22   was    quite    normal.      As    the    loading    rate    increased, 
the  ponding  of   waste   at    the    top  of    the    sand   allowed   a   much    faster    flow    rate 
through    the   column    giving   very    little    time   of   contact    between    the   microbial 
cells  associated   with    the    sand.      A    slower    rate   of    flow   associated   with    lower 
hydraulic    loading  would   allow  much  more    time   of   contact    between    the    cells   and 
refractory  materials    for   adsorption   and    subsequent    degradation. 

These    removals    have    been   calculated   over   a    period   of  about    nineteen 
weeks  and    throughout   most   of    this    time   consistent  ABS    removals   were   obtained, 
so    it   could   be   deduced    that    the  ABS    initially   adsorbed   on   the    surface   of    the 
microbial    cells   was    being   degraded.      The   cumulative  ABS    removal    curves    show   that 
initially    there   was    good   ABS    removal,    followed    by   a    poor    removal    period   after 
two   to   three   weeks   and   again    good    removal     later.      In    some    columns    there   was   poor 
removal    after    10  weeks.      This   could   be   explained    because   after    10  weeks    the 
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feeding   schedule   of    columns    1,    5   and   6  were    changed   and    there   was   also   a    change 
in   feed    substrate    in   case   of   column   2.      Columns    3   and    k  were    kept   on    the    same 
feed    throughout    the    period   and    the    trend   of  ABS    removal     in   column   3   was   practically 
unchanged,    but    in   column   k   there   was   a    reduction   of  ABS    removal    after    10  weeks 
which  was    not   accounted    for.      The    trend   of  ABS    removals    for   columns    2,    k  and    5   are 
similar    to   those   obtained   by   Robeck,    et_  aj_.     (16)    and   also    those   obtained    by   McKee 
and  McMichael    (19)    at  Whittler  Narrows   waste   water    reclamation    fields.      However, 
the   per   cent    removals  were    lower    than    reported   by   Robeck,    et_  a_l_.     (16).      Two 

factors  may   be    responsible    for    this    lower  ABS    removal     in  our    system.      Firstly, 

2 
the  organic    loading    in  our   case   was   much    lower--6    g/m   /day   as   compared    to    16    to 

2 
$k  g/m  /day   appl  ied    by   Robeck,    et_  aj_.     (16)  .      Thi  s  would    limit    the    growth   of 

microorganisms    in    the    filter    to   quite   an   extent.      Secondly,    the    form   of    carbon 

in  the  effluent    from  an   activated    sludge    plant   would    be   quite    different    from 

that  obtained    from  a    septic    tank.      The   materials    in    the   effluent   of    the   activated 

sludge   plant   are    not  easily   degradable,    otherwise    they  wouldn't    be    there.      On 

the   contrary,    the   effluent    from    the    septic    tank  usually    has   much    higher   BOD   and 

contains  more   easily   degradable   organic   matter   as    compared    to    the   activated    sludge 

plant  effluent. 

The  ABS   elution    from   the    columns    show   the    importance   of    adsorption    in 

such   soil    systems.      Elution   experiments    in    column    5  were   very    significant.      There 

was  an    immediate    rise   of  ABS    removal    after   elution  which    clearly    showed    that    the 

ABS  eluted    released    the   adsorption    sites   on   the    sand   or   microbial    cells    for    further 

adsorption.      But    soon    the   adsorption    sites   were   again   covered   and    the  ABS    removal 

fell.     Adsorption  was    not    the   only  mechanism  of  ABS    removal     in    the   columns,  since   itwas 

evident   that      no   breakthrough  was   obtained   even   after    19  weeks   of   operation.      Further 

the   sand   and  microorganisms   obtained   after    the   experiment    from  column    5    released 

about    the    same   quantity   of   ABS   as    released    by    the    tap   water   elution   and   corresponded 

to  about    1    u.g/g  of    soil.       If   adsorption   was    solely    responsible    for  ABS    removal    of 
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317  mg  in  column  5  over  the  entire  period  the  amount  of  ABS  adsorbed  per  gram 
of  sand  would  be  67  micrograms.   This  is  much  higher  than  the  reported  values 
of  about  1  to  10  micrograms  per  gram  of  soil  for  ABS  adsorption  on  sandy  soils. 
The  microorganisms  in  the  sand  were  much  lower  than  the  open  column  experiment 
reported  in  Section  II  and  so  was  the  concentration  of  volatile  solids.   Thus 
we  could  not  explain  this  high  ABS  removal  in  this  column  on  the  basis  of  ABS 
adsorption  on  biological  slime.   Therefore,  the  mechanism  of  ABS  removal  in 
such  soil  systems  appears  to  be  adsorption  on  sand  and  microorganism  surface 
followed  by  biodegrada t ion . 

The  performance  of  column  6,  the  gravel  column,  was  much  poorer  than 
the  sand  columns  as  was  expected  since  there  was  much  less  surface  on  which  the 
microorganisms  could  grow  and  also  the  residence  time  was  much  smaller  in  this 
column  because  of  the  high  permeability  of  the  column  which  allowed  less  contact 
of  waste  to  the  microorganisms  growing  on  the  gravel  .   The  change  in  the  feed 
sequence  from  four  times  a  day  to  twelve  times  reduced  the  ABS  and  COD  removal 
efficiency.   This  was  contrary  to  our  finding  with  the  sand  columns.   This  could 
be  explained  that  greater  permeability  allowed  microorganisms  to  slough  off  from 
the  gravel  because  of  the  more  numerous  feedings. 

Column  2  was  initially  fed  activated  sludge  plant  effluent  at  2.5  1/day 
at  four  doses  daily);  the  performance  was  fairly  good  as  indicated  in  Table  19- 
After  two  months  operation  the  feed  was  changed  to  a  synthetic  one  containing 
soluble  carbon  source  as  mentioned  earlier  in  Section  V-l  .   The  performance 
of  the  column  was  markedly  improved,  the  ABS  removal  went  up  at  times  to  95  per 
cent  although  the  average  was  about  76.9  per  cent.   This  high  removal  was  quite 
consistent  and  was  perhaps  due  to  better  selection  of  microorganisms  capable  of 
ABS  degradation  with  the  complex  substrate.   The  COD  removal  data  of  this  column 
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was  also  extremely    good,    indicating   good    biological    activity.      The    high   ABS 
removal   with   complex    substrate    in   an   activated    sludge    system  was    reported    in 
Section    IV-2. 

The    data   of   Table    21    show    that    the    volatile    solids  were    quite    constant 
in  all    the    sand   columns,    about    0.7    to   0.8    per   cent.      However,    there   was    some 
variation  of    volatile    solids   content  within    the    column   depth.      Usually    there 
was   higher   volatile   matter   at    the    top    than   at    the    lower    parts   of    the    column. 
The  amount   of   microorganisms   were   also    greater   at    the    top   of    the   columns    1,    2, 
h  and   6,    but    there   was    no    general    trend   as    to   the    distribution   of    the   microorganisms 
in   the   column  with    respect    to   depth.      The   correlation   between    the    number   of 
microorganisms   and    the    volatile    solids   was   also    not   evident.      The   amount   of  ABS 
desorbed    from    the    sand    in   column    5   at    different    depths   as    indicated    in  Table 
22,   agreed  well    with    the   amount   of    volatile    solids   at    those    depths.      The    per   cent 
volatile   matter   at   various    depths    for    column   6  was    very    high.      This   was    thought 
to  be   possibly   due    to    the    calcination   of    the    carbonate    fraction   of    the    gravel 
itself  at   600°C    giving   a    false    increase    in    the    volatile   matter. 

V-3.      Phosphate   Remova  1     (32) 

V-3.1.      Resul ts:      Table    23    reports    the   average    phosphate    removal    over    the 
entire   period.      The   or thophospha te    removals   during    the    first    period    (Period  A) 
were   higher    (from    11.6    to    32.2    per    cent)    and   more   consistent    than    that    in    the 
second   period.      Often    in    the    second    period    (Period    B)    the   orthophospha tes   of    the 
effluent  were    higher    than    the    influent    due    to   conversion   of   condensed    phosphates. 
The  amount   of  condensed    phosphate    in    the    feed    to    the   columns    in    both    periods   was 
relatively    small,    around    1    to    2   mg/1.      The    removal    of  condensed    phosphate   was 
quite   high    in    both    periods.      The   organic    phosphates    in    the    feed   were   also   quite 
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Table    22.      ABS   Desorbed    from   Sand    in   Column    5 


Sample            Height  ABS   Recovered    per  Amount   of   Sand        Total    ABS 

No.           from   Bottom  gm  of   Dry    Sand  in    the   Zone  Recovered 

cm  lag  gm  mg 

1  92  1.73  1584  2.7 

2  68  0.95  3498  3-3 

3  41  0.64  3630  2.3 

4  11  0.52  3432  1.8 

Average    0 . 96   ug/gm  Total     12,144   gm        10.1    mg 
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ow     averaging  about   2   mg/1.      The    rate   of    reduction   of   organic    phosphates   was 
igher    in   the    second    period    in  most   columns    than    in    the   first    period.      The 
verage    per   cent    removal    of    the    total    phosphate   was    lower    in    the    second    period 
s  compared    to    the    first.      This    decrease   of    the    total    phosphate    removal    for 
ach  column    is    indicated    in   Figure    28.      The    increase    in    the    feeding    rate    (as 
bs   P0Oc/acre)    decreased    the    average    total    phosphate    removal.      This   was    similar 
o   that   obtained    in  ABS    removal    data    presented   earlier.       In    the    case   of    phos- 
hate    removal    too,    column    3    performed   most   efficiently. 

The   cumulative    total    phosphate    removals   are    reported    in   Table    2k 
ased  on    the   average    removal    per  week   for   each   of    the   columns.      The   cumulative 
hosphate    removal    for    column    5   was    highest    like    the  ABS    removals    reported 
arlier.      From    the    plot   of   cumulative    removal    with    time    for   all    the   columns 
Figures   29   to   3^),    it  was   evident    that    in   columns    2,    3   and   k    the    initial 
igher    removal    was    succeeded    by   continued    lower    removal.      This  was    indicative 
f  predominance   of   adsorption    initially   and   assimilation    later    by    the   micro- 
rganisms,    although    both   adsorption   and   assimilation   may    be    present    to    some 
xtent    in   both    the    phases.       In   Figures   30,    31    and    32    the    probable   amount   of 
otal    phosphate    removed    by   adsorption   and   by   assimilation  are   marked.      This 
-ocedure    could    not    be   well    applied    to   other   columns    1,    5   and   6   because    the 
perating   conditions   changed   during    the    second    period.      The   changed   carbon 
ource    in   column   2   did    not    seem    to    upset    the    balance    in    the    total    phosphate 
amova  1    behavior. 

The   elution  experiments   described    in  Section  V-2.1    were  also  done 
the   total    phosphates   on   the    samples   eluted   out    of    the   columns.      Figure   35 
resents    the   elution   curves    for    total    phosphate    from    the    five   columns.      All 
he    sand   columns    gave    very    similar    results,    but    the    gravel    column   6    gave   much 
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Table  2k.      Total  Phosphates  Removed  and  Amount  That  Can  Be  Eluted 


(>lumn 
No. 


Total    Phosphates 
Removed    by   Column 

mg  P2o5 


Phosphates  Eluted 
by  Tap  Water 
mg  P205 


Phos 
Feed 

mg  p2 

phate 
Load 
0  /day 

A 

B 

109 

613 

109 

102 

109 

123 

171* 

196 

261 

588 

435 

490 

3609 
2582 
3078 
4351 
7852 
5313 


88.8 
66.8 
95.5 
85.1 
22.5 


/ =  Fi  rst  Period 
i  =  Second  Per  iod 
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smaller   quantity  of    phosphate.      The   quantity  of    total    phosphate   eluted    from  each 
column    is    presented    in  Table    2k.      These    values   were    calculated    from    the    elution 
curves    in   Fi  gure    35 • 

The   elution  experiment   on   columns   k  and    5  were   extended.      They  were 
refed  with   activated    sludge    plant    effluent   after    the    tap   water   elution   and    the 
total    phosphate    removal    calculated.      There   was    immediate    rise    in    the    per   cent 
removal    of    total    phosphate    as    indicated    in   Table    25.      Another   elution   followed 
ten  days    later   on   column   5;    again    there   was    immediate    increase    in    removal    of 
total    phosphate.      Figure    36   depicts    this    immediate    increase    in    the    total    phos- 
phate   removal    after   elution   with    tap  water    in    column    5-      These    data    are    remarkably 
similar   to    that    obtained    for  ABS   elution   experiments    reported   earlier.      The 
gradual    decrease    in    removal    after   elution  with    the    passage   of    time   was   also 
evident   here. 

V-3.2.      D  i  scussion:      The    results   obtained    in    this    study   have    shown    that 
a  minor   but    significant   amount   of    phosphate    in  all    forms    has    been    removed    by    the 
sand   columns    under    study.      Greater    phosphate    removals   were   observed    in    the   early 
period,    probably   due    to   the    physical    adsorption    on    the    sand    particles    rather 
than    the   biological    uptake    by   the   microorganism.      Or thophosphates   were    removed 
more   effectively    in    the    first    period    than    in    the    second    period   as    shown    in 
Table   23.      The   or thophospha te   content   of    the    effluent   was    in    some    cases    in    the 
second    period   higher    than   the    influent.      This    increase   was   attributed    to    the 
decay  of   bacterial    mass.       In    the    second    phase    the   microbial    growth  may    have 
reached    its    peak  and   dead   cells    reverted    the   organic    phosphate    in    the    protoplasm 
to  orthophosphates . 

It   was    found    that    the    concentration   of    condensed    phosphate    in    the 
influent  was   quite    low.      In    the   activated    sludge    plant   and   also    in    the   aqueous 
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Table    25-      Phosphate   Removal    Before   and  After    Elutlon 


Before    Elution  After   Elution 


Phosphate   Content  Phosphate   Content 

0,umn Per   Cent Per   Cent 

No 

Influent   Effluent   Removal      Influent   Effluent   Removal 

mg/1       mg/1 


k 

41.8 

39.6 

5.2 

48.7 

9-0 

81.5 

5 

48.6 

42.5 

12.6 

42.8 

4.7 

89.O 

5""' 

54.8 

53-7 

2.  1 

51.0 

6.0 

88.2 

Second  Elution 
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phase,    the   condensed    phosphates   were    hydrolysed    to   orthophospha tes    so    there 
was   not  much    left    in   the    feed    solution.      Removal    of   condensed    phosphates    ranged 
from  22.3    to   67.3    per    cent    in    the    columns,    indicating    that    the    condensed    phos- 
phates   in   the    feed    solution    still    continued    their    hydrolytic   degradation   while 
passing    through    the    sand   columns. 

The   organic    phosphate   data    showed    the   average    removal    varied    from 
23.3    to  68.8    per   cent,    although    the    data   were    not    very   consistent.      To    some 
extent  organic    phosphates    represent   microbial    mass,    so   any   decrease    in    the 
effluent   may    indicate    removal    of   microorganisms    in    the    filter   and    conversely 
any    increase    in   the    effluent   over    the    influent   may    indicate   exodus   or    sloughing 
of  mi  croorgan i sms    from   the    filter. 

The    rate   of    total    phosphate    removal    decreased   with    time,    especially 
in   the   first    period.      The    removals    started   at    the    highest    rate    in    the    first   week 
and   then    slowed   down.       Initially    adsorption   was    predominant   and    its   effect    de- 
creased with    time   due    to    the    saturation   of    the    surface,    while   assimilation   of 
the    phosphates   by   microorganisms    predominates    thereafter   when    the    population 
had  built    up    to    significant   amount.      The    biological    slime   may   adsorb    the    phos- 
phates   too.      As    the   microorganisms   multiply,    the   adsorbed    phosphates   on    the 
surface   of    the   cells  will    be   assimilated    by    the   microorganisms   and    become    a 
part  of    the    protoplasm.      The    phosphate    removal     rate   was    less   but   more    consistent 
in  the   second   period    than    in    the    first.      This  was   because    the  adsorption  effect 
had  almost    reached    its    saturation   at    the  end   of    the    first    period,    and    the   microbial 
population   had   built    up   and    reached   a    state   of    balance    in    the    second    period,    so 
the   phosphate    removal    in    this   period   was   mainly   due    to   biological    assimilation. 

The   effectiveness   of    phosphate    removal    was    found    to   be   a    function 
of   feed    rate.      Further,     intermittent    feeding   was  more   effective    in    phosphate 
"emoval    than   a    slug    loading.      Considering    the    results   of    columns    1,    2   and    3,    it 
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was  clear    that   although    the    total    daily    feed    to    these    three    columns   was    the 
same   during    the    first    period,    column    1    received   a    slug   dose   once   a    day  and 
showed    the    poorest    removal    efficiency,    column   2   was    fed    four    times   a    day   and 
indicated    better    removal,    while    column   3   was    dosed    twelve    times   a    day   and   ap- 
peared   to   be    the    best.      This    relation    between    number   of    dose    per   day   and 
removal    of   phosphate   was   observed   also    in    the    second    period.      The    total    phos- 
phate   removal    efficiency   also   decreased   with    the    increase    in    the    total    hydraulic 
loading.      The    data    appearing    in    columns    2,    k  and    5   and    in  Table    23    indicate    this 
clearly.      The    gravel     in   column   6  was    poor    in    removing   phosphates   as   was   also 
evident    in    the   ABS    removal    experiment.      The    surface    provided    for   adsorption   and 
microorganism   growth  was   much    less    in    this    column    than    the    sand   columns. 

The   cumulative    phosphate    removal    data    in    Figures    30,    31    and   32    for 
columns   2,    3   and   k   show    the    calculated   amount   of    phosphate    removed    by   adsorption 
and  assimilation.       It   was    found    that    the   amount   of    phosphate    removed    by   adsorption 
in  columns2   and    3   were   of    the    same   order   of   magnitude,    1 850  and    1 900  mg  of    P?0 
respectively.      These    two   columns   were    fed    the    same    total    amount   of   activated 
sludge    plant   effluent    per    day    so    the  amount   of    phosphate   adsorbed    should    be    the 
same.      However,    the   amount   of    phosphates    removed    by    microbial    assimilation  was 
different,    being  only    732   mg  of    P~0      in   column    2   and    1 1 78   mg  of    P90      in   column   3- 
This  difference   may    be   due    to    the    different    dosing    periods    for    the    two    columns. 
Further,    the   carbon    source    in   column    2   was   changed    during    the    second    period   which 
could   have   caused    this   discrepancy.      The    results   of    the   elution   experiment    in- 
dicate   that    the    phosphate    retained    in    the    column   either    by   adsorption    to    the    sand 
or   to    the   microorganism   surface    could    be   washed   out.      The    total    amount   of    phosphate 
thus  eluted   was   only   2    to    3    per   cent   of    the    total    phosphate    removed    in    the    nineteen 
weeks  and   about    3-5    to    5    per   cent   of    the    phosphate    removal    attributed    to   adsorption 
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vas  calculated    from    the    cumulative    phosphate    removal    curves,    Figures    30,    31 
and   32.      The   elution   curves    in   Figure    35    show    that    the    flattening   of    the   curve 
occurred   after    three    pore    volumes   of    tap  water    had    been   applied,    and    it   may 
require   quite    large   quantities   of    tap   water    to    completely   e  1  u  te    the   adsorbed 
phosphate.      This   may   be    the    reason    that   we    did    not   obtain   complete   elution   of 
the   adsorbed    phosphates    in    inaccessible    zones.      The    restoration    in    the   capacity 
of  phosphate    removal    after   elution   was   quite    interesting   and    supported   our 
hypothesis    that    in    the   columns   adsorption   was    playing   a    role    in    the    removal    of 
phosphates.      The    use   of    sand    filter    for    tertiary    treatment    for    phosphate    removal 
could   be   effective    if    periodic   elution   of    the    bed   was   made   with    phosphate-free 
water    in  order    to    recharge    the    adsorption    sites.      The   elution  would    be    similar 
to  the   backwashing   of    the    rapid    gravity    filters.      The   elution  water   containing 
high   phosphates  would    still    be   a   waste    disposal    problem, but    the    total    volume 
would   hopefully    be    reduced    in    this    process.      This    small    volume   of  water    con- 
taining  high   phosphates   could    be    held    in   an   oxidation    pond    for   algae    culture 
for  animal    food   or    could    be    used   as    fertilizer   around    the   area. 


VI.      CONCLUSIONS 

1.  Biological    slime    in   a    biologically   active    sand   column    retains 
luite   substantial    amounts   of  ABS   depending  on    the    condition  of    the    column. 
Jnsaturated    flow  with  aerobic    conditions   enhances    the    retention   as   compared 
to  anaerobic    saturated    flow   conditions.      No  ABS    degradations  were   obtained 

in  short    time   experiments   with    unsaturated    flow   sand    columns   or    in   anaerobic 
saturated   columns.      Sterlization   of    the   biologically   active    sand   column   by 
autoclaving    reduced    the   ABS    retention   of    the    column    to    that   of    nonbio logica 1 ly 
active   column.      The    retention   of  ABS    in    the    columns  was   easily  eluted    by    plain 
later   containing   no  ABS. 

2.  ABS   adsorption   on    the    various    soils    studied    showed    that    intensity 
f  adsorption    increased   with    the    increase    in    the    grain    size.      There   was    no 

major   effect   of   mi nera logi ca 1    composition   on    the   ABS   adsorption   on    the    soils 
tested.      pH    drop   favored   more    retention   of  ABS   on   Ottawa    sand.      The   ABS   ad- 
sorption was    proportional    to    the    square    root   of    the    surface   area   measured    by 
the   glycerol    method.      This    showed    that   although   adsorption    increased   with    the 
'^crease   of    surface   area,    it   was    relatively    lower   on   materials   with    high    specific 
surface  when   compared    to   materials    like    sand   or    sandstones   which   had    low 
specific   area.      The   adsorption   of  ABS   on    the    soils    tested    followed    Freundlich's 
'sotherm  and    the    "a1    value   of    the    Freundlich   equation    served   as   a    good    indication 
of   the    relative    intensity   of    the   adsorption   by    the    soil    for    the    different    types 
f  ABS   used   and    the    relative   adsorptive   capacity   of    the    different    soils    for    the 
ABS.      Pure    pentadecyl    benzene    sulfonate   was   adsorbed    less    than    the    pure    dodecyl 
benzene    sulfonate    by   all    the    soils    tested.      However,    the   C  - 1 5    blend  ABS   was 
adsorbed   more    than    the   C-12    blend  ABS.      Pure   dodecyl    benzene    sulfonate   was   ad- 
sorbed more    than   any  of    the  ABS's    tested   on   all    the    tested    soils.      C  - 1 5   blend  ABS 
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s  adsorbed   more    than   the    pure    pentadecyl    benzene    sulfonate.      The   amount   of 
trface   area   covered    by  ABS    in    the    batch    experiments   with   clayey    soil    was    very 
i  sign!  f  icant ,    0.2    to    0.^+   per   cent    for    bentonite.      The   amount   of  ABS   covered    in 
le   case   of    sandstones    ranged    from   31    to    71    per   cent    in    the    case   of   Mi  ss i ss i ppian- 

sandstone    to   9-8    to   k$    per    cent    in    the   case   of    glauconitic    sandstone.      There 
vs    indication    in    the    case   of   Ottawa    sand   of   multilayer  ABS   adsorption.      ABS 

sorption    reduced    the    base   exchange    capacity  of    the    clayey    soils.      The    reduction 
vs  directly    proportional    to    the   amount   of   ABS   adsorption    in   case   of    soil    con- 
lining   high  montmor i 1 loni te   clay   mineral.      This    reduction    in   case    of   clays  with 
iw  exchange   capacity   and  without    latticed    structure    remained   constant   with 

gher  ABS   adsorption. 

3.  ABS   was    initially    in   most   of    the   activated    sludge    systems   associ- 
c:ed  with    the    foam   phase    but    there   was    some   adsorption  on    the   microorganism    in   all 
i>e   systems.      The   amount   of  ABS   associated   with   microorganisms   was    dependent   on 

i»e    type   of   microbes    present   or    the    substrate    to  which    they   were   acclimated.      In 
(if  case   maltose    grown   cells   adsorbed    the   most  ABS.      The   amount   of  ABS   adsorbed 
vis  as    high   as    1.97   rug   per    gram  of    cells.      The   ABS    degradation    in    the   Metrecal 
vstem  was    very    high,    about    3k   per   cent   as   compared    to    the   62    to    75    for    the   other 
!'Stems.      The   complexity  of    the    substrate   Metrecal    seemed    to   have    increased    the 
hS   removal    per   cent   as   compared    to    the    simple    substrates    like    dextrose   and   maltose 

The   adsorption   of  ABS   on    the   microorganisms    followed    to   some   extent    the 
feundlich    isotherm.      The   collapsed    foam    recirculation   procedure   was    suitable    to 
i^tain    the  ABS    in    the    system. 

4.  Sand    filtration   as   a   means   of   ABS   and    phosphate    removal    was    suitable 
I   some   degree.      The  ABS   and    phosphate    removal    decreased   with    the    increase   of 
f'draulic    loading.      The    intermittent    dosing  was   effective    for    the    removal    of  ABS 
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and   phosphate,    twelve    times   a    day   dosing   seemed    to   be   more   efficient    than    four 
times  or   once   a    day   dosing.      Complex    substrate    (bactopeptone)    produced   a    higher 
ABS    removal     in    the    sand    column    substantiating    the    results   of    the   activated    sludge 
studies  with  Metrecal.      Adsorption   and   degradation   or   assimilation   were    both 
important    in    the    soil    system    removing  ABS   and    phosphates.       Initially    before 
proper   growth   of   microorgani sms, adsorpt ion  was    predominant    but    later   assimilation 
was  more    important   when   all    the   adsorption   sites   were    covered   and   active   microbia 
population  was   present.      The  ABS   and    the    phosphate   adsorbed   could   be   eluted    by 
tap  water   and    this    increased    the    removal    characteristics   of    the    soil    column   con- 
siderably   immediately    following    the   elution. 
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